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I. INTRODUCTION 
The Clinton P. Anderson Los Alamos Meson Physics Facility (LAMPF) is 
a three-stage, linear, 800-MeV proton accelerator (Figure 1) designed for 
the study of medium-energy particle physics. Spallation occurs at LAMPF 
when the accelerated charged particles collide with materials along the 
beamline, such as the beeun stop. A spallation event as defined by Shen 
[1], as an inelastic nuclear reaction between a complex nucleus and a 
nucléon, pion, or another conplex nucleus in which the energy of the 
incident partner exceeds the interaction energy between the nucléons in the 
nucleus. This energy is thought to be between 50 and 100 MeV per amu but 
the transition from the formation of a compound nucleus to spallation is 
not clearly defined. Berber's [2] two-stage or two-step model is used to 
describe the spallation process for the copper beam stop at LAMPF. During 
the first stage, the proton interacts with the nucléons in the copper 
nucleus resulting in a transfer of energy to the nucléons. Some of the 
nucléons are knocked out of the nucleus and pions are produced and emitted 
from the nucleus. Once the energy of the incident proton is distributed 
over the nucleus or the particle escapes the nucleus, the second stage 
occurs in which the residual nucleus de-excitates by emitting particles of 
a few MeV and gamma rays. Particles from the first, or intranuclear 
cascade, stage are more energetic than those from the second, or 
evaporation, stage. 
Three types of beams are possible at LAMPF: H* (hydrogen nuclei or 
protons), H" (hydrogen atoms with an extra electron), and polarized H" 
(where the protons all spin in the same direction) . The beam and either 
the H~ or polarized H~ beam can be accelerated simultaneously. 
Figure 1. Aerial view of the Los Alamos Meson Physics Facility (LAMPF) 
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The first stage of the accelerator contains the ion source and 
Cockcroft Walton high voltage power supply (Figure 2) for the H* and H" 
beams. Particles are accelerated to 750 keV (approximately four (4) 
percent of the velocity of light). The beams are segregated by separate 
transport systems until they pass through sets of radio frequency (rf) 
cavities that "bunch" the particles for injection into stage two of the 
accelerator. 
The second stage with the drift tube configuration is shown in Figure 
3. This stage contains four vacuum tanks enclosing tubes of increasing 
length inside that accelerate the beam from 750 keV to 100 MeV 
(approximately 43 percent of the velocity of light). A 201 MHz 
alternating radio-frequency field within the tanks causes the injected 
particles to be accelerated forward half of the cycle and shielded from 
backward motion during the second half of the cycle while they advance 
through the drift tubes. 
The third stage contains the side-coupled-cavities, designed at 
LAMPF, that accelerate the particles from 100 MeV to the design energy of 
800 MeV (84 percent of the velocity of light). Power supplied through 
the coupling cavities generates a strong alternating electric field with 
a frequency of 805 MHz along the beamline. Particles are accelerated 
forward when the electric field is pointed in the direction of particle 
motion. The particles reach the next cell as the field is reversing and 
are again accelerated forward. 
After leaving the third stage, the particles enter the switchyard 
where the H^ and H" beams are separated by magnets. The H^ beam is 
directed into experimental area A and the Proton Storage Ring (PSR) and 
the H~ beam into experimental areas B and C. The beams interact with 
thick targets to produce secondary protons, neutrons, positively-charged 
pions (Jt^), negatively-charged pions in'), positively-charged muons (n*), 
Figure 2. Cookroft-Walton high voltage power supply in 
the first stage of LAMPF's accelerator 
Figure 3. Drift tube configuration In the second stage of 
LAMPF's accelerator 
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negatively-charged muons (n"), and neutrinos. The experimental areas are 
shown in Figure 4. 
The beam stop area is located at the end of Line A. Horizontal 
stringers (Isotope Production (IP) Stringers) with targets suspended on 
the end can be inserted into the primary proton beam to produce 
radioisotopes for medical and industrial purposes. Behind the IP targets 
is the copper beam stop. The old beam stop design included a radiation 
effects facility (REF) adjacent to and below the IP stringers. Samples 
could be irradiated at the REF with spallation neutrons produced as a 
result of the interaction of the primary proton beam with the IP target 
nuclei. Control of experimental parameters, such as temperature, was 
limited in this location. 
The beam stop area has since been redesigned and began operation in 
May, 1985. The new Target Station A-6, or the Los Alamos Spallation 
Radiation Effects Facility (LASREF), as it is presently named, has a 
number of advantages over the old design. New shielding design at the 
LASREF eliminates cracks to guarantee capture of activated gases and 
their release to the stack. In-situ experiments are possible in any of 
the three proton irradiation locations and the 12 neutron irradiation 
locations, as shown in the top view of LASREF in Figure 5. Experiments 
are hung on vertical inserts (Figure 6) with experimental controls and 
coolant lines coming from the top of the insert. The irradiation volume 
of the neutron inserts is approximately 25.4 x 12.7 x 50.8 cm. 
The purpose of this research project was to characterize the 
radiation environment at LASREF. To determine the radiation effects on 
different materials and draw possible conclusions for practical 
applications, such as fusion first-wall materials, it is imperative that 
the particle type, flux, and spectrum be determined. Secondary neutrons, 
charged particles and photons are produced when the primary proton beam 
W-^ 
nmvn m 
urne AU&mes 
Figure 4. Experimental areas at LAMPF 
rPROTON IRRADIATION PORTS 
\ iqnTOPF PRODUCTION TARGETS-
BEAM STOP-
NEUTRON IRRADIATION PORTS 
Figure 5. Top view of the LASREF showing the three proton irradiation 
ports and the ten neutron irradiation ports 
ISO 
mm 
COPPER 
BEAM 
STOP 
DOSIMETRY INSERT 
(RABBIT SYSTEM) 
RADIALLY POSITIONED 
TUBES 
NO. 4 
NO. 3 
NO. 2 
NO. I 
NEUTRON 
PRODUCING TARGETS 
THE ISOTOPE PRODUCTION 
FACILITY 
Figure 6. Engineering drawing of LASREF showing the water cooling 
channels entering from the top of the vertical insert 
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Interacts with materials along the beam line. As these secondary 
particles move away from beam centerllne, they Interact with the 
stainless steel In the Inserts. Charged particles lose their energy 
quickly while secondary neutrons are scattered In the shielding resulting 
in possible changes In the energy spectrum. With small samples, this 
change In the spectrum would not cause significant problems. Experiments 
irradiating large components that take up the entire irradiation volume 
or several inserts could be affected by the spatial variation of the 
spectrum. The spatial variations below, on, and above beam centerllne 
could also affect the design of experiments at LASREF. These spatial 
variations in the flux along the beamline, radially from the beamline, 
and above, on, and below beam centerllne were investigated. 
As the secondary particles interact with the stainless steel insert 
and experimental apparatus, significant energy is deposited. A heat 
sink, in the form of external water cooling, must be supplied. Monte 
Carlo calculations were used to estimate the energy deposited and aid 
design of radiation damage experiments. 
The IP target loading may not be constant during a run cycle. Since 
the spallation flux in the neutron irradiation ports is a result of this 
loading, the experiment could be exposed to varying particle fluxes over 
the irradiation time. For this reason, the effect of the IP target 
loading on the spallation flux at LASREF was investigated. 
To characterize the radiation environment at LASREF, Monte Carlo 
calculations were run to determine the spectrum and flux of neutrons, 
charged particles and photons resulting from the interaction of the 
primary LAMPF proton beam with components along the beamline. High-
purity activation foils were Irradiated in a dosimetry insert ("rabbit" 
system) to measure the flux and energy spectrum below, on, and above beam 
centerllne, radially from beam centerllne, and along the beamline for 
11 
different IP target loadings. Gamma activities of the foils were 
analyzed, and the flux and spectrum were unfolded using a least-squares 
con^uter code. The spectrum of secondary neutrons from the Monte Carlo 
calculations was compared to the experimental result of the foil 
activation experiment. Damage calculations were made for copper to 
determine the displacements per atom (dpa) and helium production (appm 
He) for the spectrum at LASREF. These results are compared to those for 
other radiation effects facilities. The results of these calculations 
and experiments are reported in this dissertation. 
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II. LITERATURE REVIEW 
Extensive research In nuclear physics has been performed at energies 
above fission reactions (neutron energies greater than ten MeV) as 
evidenced by the operation of facilities such as LAMPF, the Intense 
Pulsed Neutron Source (IPNS), and the Rotating Target Neutron Source 
(RTNS-II). Research on spallation reactions has been devoted to the 
measurement of production cross sections and the secondary spectra, and 
the calculation of cross sections by Monte Carlo techniques. Monte Carlo 
calculations are required because of the complexity of the nuclear 
physics model as defined by Serber [2]. Bertini [3] performed 
calculations with incident protons, n*, n~, and neutrons on complex nuclei 
up to 350 MeV, the energy below which pion production is not likely. 
Bertini [4], Bertini and Guthrie [5], and Bertini [6] later extended the 
intranuclear cascade model from 340 MeV to 3.0 GeV. Alpha particles and 
deuterons were included in the intranuclear cascade model by Mathews et 
al. [7]. Physics models for density effects and doppler effects, caused 
by the motion of nucléons in the nucleus, were modeled by Armstrong and 
Alsmiller [8] and Zerby et al. [9], respectively, to correct for 
insufficiencies in the intranuclear cascade model. 
Experiments performed to test the intranuclear cascade model have 
supported Berber's model. Reaction cross sections for 30- to 60-MeV 
protons on nuclei of carbon, iron, chromium, tin, cerium, lead, and 
bismuth were compared with calculated cross sections by Bertini [10]. 
Comparisons were extended to 400 MeV for protons and n~ on complex nuclei 
of carbon, aluminum, copper and uranium by Bertini [11]. Spallation 
reactions were studied by Orth et al. [12] at LAMPF. Due to limited 
sources of protons in the GeV range, little experimentation has been done 
to test the model at these energies. Kaufman and Steinberg [13] did 
measure the reaction cross section for protons in the one to six GeV 
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range on nuclei. The secondary neutron and proton spectra were 
measured by Bertini [4], Wachter et al. [14], and Galonsky et al. [15]. 
The formation of fragments, nuclei with a mass less than the original 
complex nuclei, was studied by Heydegger et al. [16] for protons on 
copper and Korteling and Caretto [17] for protons on magnesium and 
selenium. 
Coleman and Armstrong [18] released the Nucleon-Meson Transport Code. 
NMTC, which incorporated Bertini's model for intranuclear cascades and 
Guthrie's [19] evaporation model. Chandler and Armstrong [20] extended 
the NMTC code to transport particles to ^ 3 GeV. This new code, the High 
Energy Nucleon-Meson Transport Code (HETC), is maintained and upgraded by 
Richard Prael [21], Group X-6 at Los Alamos National Laboratory and Prael 
and Lichtenstein [22] . Group X-6 also developed and maintains the Monte 
Carlo Code for the Transport of Neutrons and Photons, MCNP [23]. The use 
of HETC and MCNP allows the calculation of particle and gamma spectra 
from 3 GeV to thermal energies for neutrons and about 1 MeV for charged 
particles. Results of Monte Carlo calculations at LASREF using HETC and 
MCNP were published by Davidson et al. [24]. 
Dosimetry measurements, using a Monte Carlo calculated spectrum and 
foil activation techniques, have been performed in light-water reactors 
(LWR) [25], fast reactors, and accelerators. Dosimetry measurements at 
accelerator energies require the measurement of production cross sections 
and extrapolation to energies above 20 MeV. Bayhurst et al. [26] and 
Greenwood et al. [27] and Greenwood [28] extrapolated activation cross 
sections to 44 MeV using a Be-9(d,n) field. 
The development of spectrum unfolding programs such as STAY'SL by 
Perey [29] has aided the analysis of foil activation experiments. 
Greenwood and co-workers have performed many experiments characterizing 
the radiation environments at facilities, such as EBR-II, RTNS-II, and 
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IPNS, for radiation damage studies. Measurements were made by Greenwood 
et al. [30] with neutrons from 14-16 MeV deuterons on beryllium, by 
Greenwood and Popek [31] with neutrons from RTNS-II, HFIR, IPNS, and EBR-
II, and by Greenwood and Intasorn [32] with 113 and 256-MeV protons on 
aluminum on aluminum and targets. Kirk et al. [33] measured 
production cross sections for 478-MeV protons on tantalum and depleted 
uranium at IPNS. With the exception of limited dosimetry measurements at 
the old beam stop area at 'LAMPF that were made by Brown and Hansen [34], 
Barr and Gilmore [35] and Dierckz et al. [36], foil activation 
experiments to unfold the secondary spectra have not been made above 500 
MeV. Results from the Monte Carlo calculations of the spectrum and flux 
at LASREF have been published by Davidson et al. [37, 38]. 
Radiation damage studies were performed by computer calculations 
using the measured spectra to determine the displacement production cross 
sections. The method of measuring radiation damage was defined by 
Nichols [39] and developed into computer codes such as SPECTER by 
Greenwood and Smither [40] and VNMTC [18]. Greenwood et al. [41] 
calculated neutron displacement cross sections using nuclear cross 
sections from ENDF/B-V and extended them to 44 Mev for accelerator 
purposes. Odette and Dorian [42] calculated the displacement production 
cross sections to allow extrapolation of fission reactor data to fusion 
first-wall material studies. Limited radiation damage calculations in 
polyatomic materials were performed at LAMPF by Coulter et al. [43]. 
Results of computer calculations of helium production and displacements 
in copper, using the spectrum measured with this foil activation 
experiment were reported by Wechsler et al. [44]. 
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III. MONTE CARLO CALCULATION OF THE RADIATION ENVIRONMENT 
The Monte Carlo calculation required a two-program process. The 
High Energy Transport Code (HETC) was developed at Oak Ridge National 
Laboratory and was adapted to the CDC 7600 computer system at Los Alamos 
National Laboratory. HETC was modified to make it compatible with the 
geometry format of the Monte Carlo Code for the Transport of Neutrons and 
Photons (MCNP). 
A. High Energy Nucleon-Meson Transport Code (HETC) 
HETC uses the intranuclear-cascade-evaporation model to describe 
inelastic collision product formation. HETC transports protons, 
neutrons, charged pions, and charged muons as source particles. The 
particles are transported until they escape from the geometry, undergo 
nuclear absorption, or reach the input cutoff energy due to energy loss 
from ionization or excitation of electrons or through pion or muon decay. 
Since the accuracy of the intranuclear-cascade-evaporation model affects 
the accuracy of the calculated results, assumptions made in the physics 
model are discussed. While in flight, a charged pion can decay with 
known lifetime into a charged muon and neutrino. The muon production is 
assumed to be isotropic. The charged pion can also reach the input rest 
energy where it will decay or undergo nuclear absorption. If the pion 
undergoes nuclear absorption, the intranuclear cascade can be repeated. 
The method of calculation, decay to muons or forced nuclear absorption, 
must be specified in the input file. Uncharged pions decay with a mean 
lifetime of 0.9x10"^ ® second [45] into two gammas. A charged muon decays 
to an electron or positron and a neutrino when it reaches its input rest 
energy. Gammas, electrons, positrons and neutrinos are not transported 
in HETC. The importance of the assumptions made in the nuclear physics 
model in HETC is demonstrated for the energy deposition calculation. 
Gammas are assumed to deposit all of their energy in the cell where they 
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are created. A cell Is defined by "the intersections, unions, and 
conç>lements of the regions bounded by the surfaces" [23]. The decay of 
charged pions, with energies greater than 20 MeV, can result in gammas 
with energies greater than 100 MeV. It is unlikely that these gammas 
would deposit their energies in a small cell, such as the proton 
irradiation port. Gammas created from muon decay and de-excitation of 
the nucleus could also be energetic enough to escape the cell where they 
are created and deposit the majority of their energies elsewhere in the 
geometry. 
Bertini [3] used a nonzero Fermi-type charge distribution to 
describe the density distribution of protons in the nucleus. This charge 
distribution is described by electron scattering experiments by 
Hofstadter [46]. Hofstadter approximated the charge distribution with a 
Fermi charge distribution of the form: 
q(r) = N/{l+exp[(r-c)/a]} (1) 
where : 
q(r) = charge distribution 
N = constant 
r = radius of the nucleus 
c = radial distance where the charge distribution is half the maximum 
a = skin thickness 
The skin thickness is that radial distance where the charge distribution 
drops from 90% to 10% of the maximum. Collard et al. [47] found from 
nuclear radii data that the half maximum radial distance (c) is linear 
with respect to where A is the atomic mass number, and the skin 
thickness (a) is 2.0 to 2.5 fermis for nuclei heavier than lithium. The 
nucléon density is plotted versus the nuclear radius (r) in Figure 7. 
The dashed line is a uniform distribution, the solid line is Hofstadter's 
experimental results and the dotted line is Bertini's model. Bertini's 
model shows good agreement with Hofstadter's experimental results. The 
nucleus is modeled in HETC as three concentric spheres with radii equal 
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Figure 7. Nucléon density divided by its value at r=0 
versus the nuclear radius, r [3] 
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to 0.9, 0.2, and 0.1 of the radius for the maximum charge distribution 
[3]. The ratio of neutrons to protons in each concentric sphere is the 
same as the ratio in the nucleus as a whole. HETC assumes the binding 
energy per nucléon is 7 MeV taking into account the volume energy, 
surface energy, symmetry effect, and the odd-even effect. To determine 
the cascade products, the nucléon density is calculated from the charge 
distribution. HETC contains the nucleon-nucleon (np, pp, np) cross 
sections. Cross sections for p+n and n+p interactions are assumed to be 
equivalent since Coulomblc effects are ignored at this energy. Cross 
sections for n+n and p+p are also assumed to be equivalent. Once it has 
been calculated whether the Incoming particle will interact with a 
neutron or proton, partial inelastic and elastic cross sections are 
compared to calculate the cascade products. An example is n+p —) nnn^ . 
The energy and momentum of the incoming particle and nucléon are 
calculated using a square well potential. The well is stepped with the 
potential decreasing as the radius of the nucleus Increases due to the 
charge distribution. There are separate potential wells for the neutrons 
and protons due to the repulsion of protons. Nucléons not receiving 
enough energy to escape the nucleus are trapped and considered excitation 
energy. 
The evaporation model statistically determines whether neutrons, 
protons, pions, muons, ^ He, *He, H^, or are evaporated from the 
nucleus. Whether a particle is evaporated Is dependent on several 
factors; (1) whether the particle gains enough energy from collisions in 
the nucleus to escape, (2) the binding energy; the lower the binding 
energy of the particle, the more likely it will be emitted and (3) the 
kinetic energy; the greater the kinetic energy of the particle, the more 
likely it will be emitted. The evaporation model is Incorrect for carbon 
which undergoes Fermi breakup to form three alpha particles. After each 
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particle Is evaporated, the mass of the residual nucleus is decreased 
by the mass of the particle emitted. The mass table in HETC is 
outdated and should be updated. 
The momentum and energy of the recoiling nucleus are calculated in 
two steps. For the first step, after the intranuclear cascade is 
completed, the momentum of the incoming particle minus the momentum of 
each of the emitted particles equals the momentum of the recoiling 
nucleus. The momentum of the recoiling nucleus is then put into the 
energy balance equation [3]: 
Eo+MQC^  - Ei+[cV+(Mc^ +X)^ ]^ ^^  (2) 
where : 
Ej, = energy of the incoming particle 
Mq = mass of the nucleus before the cascade 
Ei = energy of the emitted particle 
P - momentum of the recoiling nucleus 
M " mass of the nucleus after the cascade 
X = excitation energy. 
The second step occurs during evaporation. Particles are evaporated one 
at a time and the momentum calculated after each event. After all 
particles are evaporated, the total momentum and energy of the recoiling 
nucleus are calculated. 
After creation of cascade and evaporation particles, HETC transports 
all generated particles through the geometry until they lose energy down 
to the "cutoff" energy. The low-energy cutoffs for neutrons, protons, 
pions and muons are listed in Table 1. 
Table 1. Low-energy cutoff values for HETC 
Particle Energy (MeV) 
neutrons 20.0 MeV 
protons 1.0 MeV 
pions 0.149 MeV 
muons 0.113 MeV 
A copy of the input file, INH, for HETC is listed in Appendix A. 
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Lines 1 and 2 are descriptive title lines. Lines 4-7 and line 336 define 
basic assumptions made for the calculation of the radiation environment 
at LASREF: 
1. one batch with 15,000 cascades, or protons, per batch, was run. 
2. nucléons, pions and muons were transported. 
3. nuclear recoil energy was calculated to obtain the excitation 
energy. 
4. negative pions that reach the cutoff energy were forced to 
interact by intranuclear cascade instead of decay. 
5. cascade histories were calculated for all generations. 
6. heavy charged particles from evaporation were transported. 
7. The incident energy of the protons was 760 MeV. While 800 MeV 
protons are supplied by the accelerator, 760 MeV protons were 
used in this calculation to reflect energy loss by protons in 
upstream targets. 
8. A uniform 5-cm beam spot of 760 MeV protons was assumed. 
Lines 8-61 describe the isotopic composition of the media in each cell in 
the LASREF geometry. The isotopic compositions are input as charge 
number, mass number and atom density. A slash separates different 
isotopes within the same media. The cell geometries of LASREF are listed 
in lines 62-209 and the surface definitions are listed in lines 211-331. 
The format of the cells and surfaces is discussed in more detail later in 
this Section. 
HETC required about 39 minutes of CDC 7600 computer time to generate 
122,000 neutrons by interaction of the 15,000 incident protons with the 
targets along the beamline. HTAPE, discussed further below, required 
approximately 22 minutes of CDC 7600 computer time for this calculation. 
HETC output consists of two files, HISTP and NEUTP. HISTP is a 
nucleon-pion history tape and contains a description of each collision. 
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HTAPE analyzes the history files written by HETC. HTAPE searches HISTP 
and tallies current at a surface, flux at a surface, evaporation particle 
energy spectrum, cascade energy spectrum, average flux in a cell, and 
energy deposition per unit volume. Only neutrons are tallied for the 
average flux in a cell. Energy deposition includes energy deposited from 
Coulomb interactions with protons, charged pions, charged muons, ^ H, ^ H, 
H^e, and *He, and nuclear recoil. As stated previously, HETC does not 
transport gammas. After all particles have been evaporated, the 
remaining energy is labeled excitation energy, leading to beta or gamma 
decay. HETC assumes all excitation energy is deposited within the cell 
in which it was created. Since energetic gammas would not necessarily 
deposit this energy within the originating cell, it was omitted from the 
energy deposition calculation. 
The second output tape, NEUTP, is a record of energy, position, and 
direction of neutrons below a cutoff energy of 20 MeV. Twenty MeV is 
chosen as the low-energy cutoff for neutrons since this is the upper 
energy limit of the cross sections in the Evaluated Nuclear Data File 
(ENDF/V-B) [48, 49] which was used for MCNP. NEUTP is the source file 
for MCNP. 
B. Monte Carlo Code for the Transport of Neutrons 
and Photons (MCNP) 
"MCNP is a general-purpose, continuous-energy, generalized-geometry, 
time-dependent, coupled neutron-photon Monte Carlo transport code" [23]. 
MCNP was developed at Los Alamos National Laboratory by Group X-6. The 
nuclear physics models in MCNP are the same as those models used for 
reactor energy interactions. 
The input file, INP, for MCNP is listed in Appendix B. Lines 2-149 
describe the cell geometry. The first parameter is the material number. 
The geometry was the same as it was in INH. The one exception is ZnO, 
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the first IP target. There was no available cross section information 
for Zn. Although HETC was able to calculate cross sections for high-
energy proton and neutron interactions with ZnO, this cell was considered 
to be a void for the subsequent MCNP calculation. Lines 151 through 272 
are the surfaces in the geometry and are identical to those listed in 
INH. Line 274 identifies the source file for this calculation. As 
stated previously, NEUTP is the source file. Since the LASREF geometry 
was so large and complex, the output from HETC took up three source 
files; NEUTP, NEUTPA, and NEUTPB. MCNP was operated in mode one (line 
276), which transports neutrons produced in the HETC calculation as well 
as neutron-induced photons. Geometry splitting/Russian roulette is a 
variance-reducing technique to save computer run time. Eaôh cell's 
importance value is defined on lines 277 through 280. As particles are 
transported into a cell with a higher importance, the particle is split, 
or increased in number, to allow better sampling. When the particles are 
tallied, the weight of each particle is reduced by a factor of 1/n where 
n equals the ratio of the importances of the two adjacent cells. 
Inversely, when particles are transported into a cell of lower 
importance, Russian roulette is played and particles are killed with a 
probability of l-(i2/ii) and a weight of weight (12/ii) [23]. The source 
is defined as isotropic in line 281. Lines 282 through 369 are the 
energy bins for the tallies in lines 370 through 428. Lines 429 through 
458 describe the material in each cell. In line 454, for example, the 
number 29000.50 designates natural copper and identifies the cross 
section file as ENDF/B-V. The 1.0 after the 29000.50 means the atomic 
percent is 100 for natural copper. Negative numbers are weight percents 
instead of atomic percents. Due to the substantial increase in running 
time, and therefore cost, thermalization of neutrons was not considered 
in this calculation. An imposed low energy cutoff of 0.1 eV for neutrons 
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and one keV for photons was set (line 464). All neutrons and photons 
that reach the cutoff energy are tallied in the lowest energy bin. The 
low-energy cutoff will be important when calculated results from 
HETC/MCNP are compared with the experimental results. 
MCNP does not calculate the nuclear reaction cross section, but 
requires that the cross section data files be present when the run is 
made. ENDF/B-V was used for the majority of the isotopes in the 
geometry. Cross sections for ®®Rb, ®'Rb, ^ ^^ Cs, "Br, ®^ Br, and were 
not available in ENDF/B-V. The Radiation Transport group and the Nuclear 
Data group at Los Alamos National Laboratory provided estimates for the 
neutron cross sections for these isotopes but not for gamma ray 
production. Due to the large size of ENDF/B-V and the large number of 
elements used in the geometry, MCNP required 1.4 million decimal words of 
storage and approximately nine hours of computer time to transport the 
122,000 neutrons that were generated in HETC. The large memory space 
dictated the use of a CRAY-1 computer. 
Numerous tallies are available with MCNP. The tallies must be 
specified when the calculation is first run since history tapes are not 
generated, as they are with HETC. Ring detectors were used around the 
proton irradiation ports to determine the flux that can be expected on 
peripheral experimental hardware and outside the IP targets and beam stop 
to determine the spectra of the secondary particles in the neutron 
irradiation ports where radiation effects studies will be performed. A 
ring detector is a calculational procedure that increases accuracy, at 
the expense of increased computer time, by considering the probability 
that each generated neutron, from every collision, can reach the 
detector. Flux calculations for cells employ averaging techniques where 
the integral volumetric flux in a cell is normalized to a unit volume. 
In addition to a tally for a ring detector, tallies for surface flux. 
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cell flux, surface current, and energy deposition in a cell can be done 
for both neutrons and photons. Results are calculated per incident 
particle. All MCNP tallies were multiplied by 6.28x10^ ® protons s"^  to 
give results for an average LAMPF current of 1 mA. The actual average 
beam currents for the foil activation experiments ranged from 250 to 725 
(lA instead of 1 mA. 
C. Description of LASREF Geometry 
Figure 8 is an engineering layout of LASREF showing the major 
components. All components are supported on vertical inserts. The 
geometry was simplified for the Monte Carlo calculation by approximating 
the system as a series of targets surrounded by a radial shroud of 
shielding. 
MCNP utilizes a cellular geometry modeled as volumes bound by defined 
surfaces. Figure 9 shows cell numbers assigned in the geometry. The 
beamline was placed along the z-axis. Targets and beamline components 
were modeled as cylinders of material composition similar to the actual 
design. Appendix C lists cell number and cell material. The IP target 
holders were modeled as a homogeneous aluminum and water structure, 
approximating the aluminum structure and the 0.75-inch-thick water 
cooling channel presently used at the IP stringers. Inside this cell was 
a copper holder. IP targets inserted by Group INC-11 are normally thin 
foils of varying diameters, stacked tightly within the copper holder. 
For the calculation, the IP targets were assumed to be solid cylindrical 
targets of materials consistent with the IP experiments. Shielding was 
modeled as radially concentric solid stainless steel cylinders (first 16 
cm) and cylinders back-filled with solid iron spheres with a density of 
60% that of solid iron. 
Figure 10 depicts surfaces defined in the geometry. Surfaces are 
defined in Appendix D as finite distances from 0.0 in the z-direction. 
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PZ, or radial distances from the center of the beamllne, CZ. Radial 
surfaces of interest for flux calculations are surface SB, the inner-most 
surface of the 316 stainless steel (SS) shroud separating targets and 
shielding, and surface 112, the outermost surface of the geometry. A 
void is assumed for all volume outside of surface 112. Particles that 
reached surface 112 "escaped" the geometry and were eliminated from the 
flux and energy deposition tallies. Surfaces perpendicular to the beam 
axis that are of interest for the flux calculations include surfaces 27, 
42 and 51, surface behind the beam degrader, and IP targets three and 
five, respectively. 
O. Results and Discussion 
As stated in the Introduction, the Monte Carlo calculations were run 
to determine the primary proton, secondary particles, and photon spectra 
and flux in and around the proton and neutron irradiation ports. In-situ 
tests requiring peripheral equipment for the measurement of temperature 
and strain can be done at the proton irradiation ports. The Monte Carlo 
calculations predicted the environment the measuring devices must 
tolerate. For energies between 1x10"® MeV and 760 MeV, the total 
secondary neutron flux in proton irradiation port two (cell 16) was 
calculated to be 1.5x10^  ^neutrons cm"^ s"^ , with the majority of the 
neutrons greater than 0.1 MeV. This flux is about 100 times lower than 
the primary proton flux. While the secondary neutron flux is not 
considered significant, it must be accounted for when atomic displacement 
estimates are calculated in the irradiated materials. The relatively 
large contribution to high energy neutrons is caused by a few proton 
interactions in the large cavity housing the diagnostic equipment. 
Figure 11 is a histogram of the neutron energy spectrum at detector 1, 
outside the proton irradiation targets (Location Dl, Figure 10). This 
flux will be incident on peripheral devices used for in-situ 
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Figure 11. Neutron group spectrum at ring detector 1, outside the proton irradiation 
port (Location Dl, Figure 10) [24] 
30 
measurements. The total calculated flux is 2.9x10^  ^neutrons cm"^ s' 
(±2.5%). The maximum flux is at about 0.3 MeV (Figure 11). Suitable 
measuring devices are those which can be shown to tolerate this flux for 
the lifetime of the experiment. Figure 12 portrays the photon energy 
spectrum at the proton irradiation port (Location PI, Figure 10). The 
plot shows discrete photon energies between 0.1 and 4 MeV. The total 
flux was determined to be 1.9x10^  ^photons cm"^ s"^  (±31%). As stated 
previously,the photons produced during the intranuclear cascade and 
evaporation are not transported in HETC, therefore, the photons tallied 
were only neutron-induced photons produced in MCNP. 
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Figure 12. Photon spectrum at the proton irradiation port (Location PI, 
Figure 10) [24] 
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Figures 13 through 15 are histograms of the calculated group neutron 
energy spectra at detectors two, three, and four, respectively. Ring 
detectors two and three are located just outside a 1.9-cm stainless steel 
shroud, used to simulate the attenuation of neutrons in the capsule 
structure material and outside IP targets two and five, respectively. 
Energy spectra show a maximum flux at approximately 0.6 to 0.7 MeV. The 
neutron spectrum at detector four Is reduced at all energies compared to 
detectors two and three. This detector is located in an air gap 
approximately 22.5 cm outside the shroud outside IP target eight. 
Neutrons reaching this detector have passed through solid stainless steel 
shielding resulting in an attenuated flux. This detector estimates the 
expected flux on measuring devices at the neutron irradiation ports. The 
energy spectrum shows a maximum flux at 0.3 MeV. Figure 16 shows a 
comparison of the neutron flux and spectrum at detectors one and three. 
The spectra are comparable, but the plot shows an order of magnitude 
lower neutron flux at the proton irradiation targets compared to the 
neutron irradiation targets. 
The spectral shape for the neutrons along the beamllne in the IP 
target and beam stop area remains similar but the Integral flux drops as 
the proton beam encounters more targets since (p,x) reactions reduce the 
proton flux available at subsequent targets. The number of higher energy 
neutrons also decreases as more target material Is encountered and 
coulomblc interactions reduce the proton energy as the protons travel 
through the targets. The maximum total neutron flux was 6.0x10^  ^(±2.03%) 
neutrons cm"^ s"^  between surfaces 42 and 51 (Figure 10). The maximum 
photon flux was found to be 1.4x10^  ^photons cm"^ s"^  between surfaces 27 
and 42 and between surfaces 42 and 51. Figures 17 and 18 show the total 
neutron flux along the beamllne at surfaces 88 and 112, respectively. 
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Figure 13. Neutron group spectrum at ring detector 2 (Location Dl, 
Figure 10) [24] 
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Figure 14. Neutron group spectrum at ring detector 3 (Location D3, 
Figure 10) [24] 
-  iiHiHi \ l \ \ \ ^  I l  mu I mm Minn Minn "iiin iiiiii# mihhi iiiiii# 
lo"' 10"* 10"® lor* lo'" 10"® 10"' 10® irf loT lOt* 
ENERGY (MëV) 
Figure 15, Neutron group spectrum at ring detector 4 (Location D4, 
Figure 10) [24] 
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The maximum neutron fluxes for the two surfaces were outside the IP 
targets. 
Other energetic particle fluxes in the neutron irradiation ports were 
significantly lower than the neutron flux. The maximum secondary proton 
flux was calculated as 1,2x10^  ^protons cm"^ s"^  (±3.2%) on surface 88 
between surfaces 42 and 51 (Figure 10). This is the same location as the 
maximum secondary neutron flux along surface 88. The maximum m* flux was 
8.7x10^ ° n* cm"^ s"^  (±9.6%) between surfaces 27 and 42 and the maximum re­
flux was 1.2x10^ ° 71" cm"^ s"^  (±15.1%) between surfaces 42 and 51. Energies 
ranged from 10 to 300 MeV. The maximum flux was 1.8x10® cm"^ s"^  
(±38.3%) between surfaces 27 and 42 and the maximum p,- flux was 3.2x10^  
cm"^ 3"^  (±53.2%) between surfaces 42 and 51 (Figure 10). Energies ranged 
from 20 to 200 MeV. No secondary pions or muons were calculated outside 
the beam stop. 
Figure 19 is a histogram of the neutron flux and spectrum at surfaces 
88 (inner surface) and 112 (outer surface), both between surfaces 42 and 
51. The maximum total neutron flux was 6.0x10^  ^neutrons cm"^ s"^  at 
surface 88 and 1.2x10^  ^neutrons cm"^ s"^  at surface 112 implying an 
attenuation of about 50 times in the stainless steel and iron shielding. 
The total photon fluxes were calculated as 1.4x10^  ^photons cm'^ s"^  at 
surface 88 and 5.3x10^ ° photons cm"^ s~^  at surface 112, implying an 
attenuation of 264 times in the shielding. The larger attenuation of 
photons than neutrons was expected because the higher Z-number for iron 
makes it more effective for attenuating photons than neutrons. 
Energy deposition in the material (shielding) surrounding the 
beamline (targets/sources) was calculated in HETC and MCNP. Figure 20 
represents the maximum energy deposition radially in the solid stainless 
steel shielding. The upper histogram is outside the IP targets (cells 84 
through 90) and the lower histogram is outside the beam stop (cells 108 
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through 114). Table 2 lists the energy deposition in cells 84-90 for 
charged particles, photons, and neutrons. Note that charged particles, 
particularly secondary protons, account for about 92% of the deposited 
heat in the first 0.6 cm of thickness. This contribution decreases 
rapidly with radial thickness as the charged particles are stopped. 
These results were used to determine proper cooled shielding for LASRBF. 
Table 2. Energy deposition in W/cm^  
Cell Charged 
Particles 
Photons Neutrons Total 
84 6.000 0.472 0.057 6.529 
85 3.385 0.385 0.045 3.815 
86 1.385 0.253 0.033 1.671 
87 0.603 0.189 0.024 0.816 
88 0.221 0.127 0.018 0.366 
89 0.167 0.104 0.013 0.284 
90 0.115 0.071 0.010 0.196 
Earlier foil measurements by Brown and Hansen [34] and Barr and 
Gilmore [35] were made at the old Radiation Effects Facility (REF) 
located underneath the IP targets. These measurements were compared to 
the calculated flux for ring detector 2 in the Monte Carlo calculation, 
which was approximately in the same location. The calculated integral 
flux was 4.4x10^  ^neutrons cm"^ s~^  compared to 2.4x10^  ^neutrons cm~^ s~^  for 
the activation experiment. These results show reasonable agreement 
between calculation for the new LASREF facility and measurement at the 
old REF facility. The higher calculated neutron flux for LASREF 
Indicates a larger contribution of higher energy neutrons. 
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IV. DOSIMETRY EXPERIMENT 936 
Experiment 936, as designated by LAMPF, required the design and 
fabrication of a dosimetry Insert and irradiation capsules, the 
preparation of irradiation foils, irradiation and analysis of the 
radioactive foils, and spectrum unfolding. Irradiations were identified 
by a number of the form 936-5-1-3. This designation refers to Experiment 
936, irradiation 5, tube 1, and capsule stacking position 3. All 
discussions in the results will use this designation, minus the 936. 
Irradiations for experiment 936 were made in neutron irradiation 
locations two and six. While it would have been ideal to measure the 
spectra in all 12 locations, both time and radiation exposure rates in 
excess of 20,000 R/h at one foot from the irradiated insert, required 
more practical procedures. Monte Carlo calculations predicted that 
location two would have the highest neutron flux outside the IP targets 
and that location six would have the highest neutron flux outside the 
beam stop. Because radial symmetry was assumed at LASREF, the flux 
measured in location six would be comparable to the flux at the north 
side of the beam stop In location ten. Eleven Irradiations were made for 
Experiment 936. Two additional irradiations, 12 and 13, were made for 
Experiment 691 to measure high-energy cross sections. Table 3 lists the 
thirteen irradiations, the neutron irradiation port where the Insert was 
located, the number of tubes used, and the number of capsules per tube. 
A. Foil Activation Technique 
The irradiation of multiple high-purity foils and the measurement of 
the Induced activities is a common practice In reactcd to determine the 
neutron flux. Dosimetry at accelerators, such as LAMPF, differs from 
measurements made in reactor environments because of the high-energy tall 
of neutrons due to spallation events. The high-energy tail requires the 
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Table 3. Neutron irradiation descriptive data 
Irradiation Number Neutron irradiation Tubes Used for Capsules per 
Port Irradiation Tube 
1  2  1 1  
2  2  1 5  
3 2 1-4 1 
4 2 1-4 1 
5 2 1-4 1 
6 6 1-4 1 
7 6 1-4 3 
8 6 1-4 1 
9 6 1-4 1 
10 6 1-4 1 
11 6 1-4 1 
12 6 1-4 1 
13 6 1-4 1 
use of activation foils with threshold reactions in the tens and hundreds 
of MeV, in addition to thermal and epithermal reactions, and the use of 
extended cross sections. The beam at LAMPF is not constant which 
requires that corrections for decay during irradiation and down time be 
made for fluctuations in the beam current over time. 
The reaction rate is related to the neutron flux by the following 
equation: 
R = / G(E)*(E)dE (3) 
where : 
R = reaction rate 
a(E) • activation cross section at energy, E 
$(E) - differential (with respect to energy) neutron flux. 
During irradiation, the radioactive product undergoes decay. The rates 
of change in the number of parent and radioactive nuclei are given by: 
Dn/dt = -NR (4) 
dn/dt - NR - nA. (5) 
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Subject to N«"No and n-0 at t-0, equations (4) and (5) give: 
N(t) - Noexp{-Rt) (6) 
and, 
n(t) - No[R/(^ -R)][exp{-Rt)-exp(-Xt)] (7) 
where : 
N - number of parent nuclei in the foil at time, t 
n - total number of radioactive nuclei at time, t 
X - decay constant. 
In most cases, Rt is very small compared to 1 and R is small con^ ared to 
X, so that equation (7) can be rewritten as: 
n(t) •» No(R/X) [l-exp(-Xt)] (8) 
It may be seen that equation (8) corresponds to ignoring burnup. The 
activity of the radioactive nuclei then is: 
A(t) - &n(t) - NoR[l-exp(-Xt)] (9) 
The saturated activity is described as the asymptotic activity as time 
approaches infinity. Therefore the saturated activity ec[uals: 
A. = A. = NqR (10) 
In fact, the proton beam current fluctuates somewhat during a run 
cycle, so that it is convenient to consider the beam current history, and 
therefore the flux history, to be subdivided into periods of constant 
values. Therefore, we regard the reaction rate to be constant at R, from 
t-to"0 to ti, R2 from t=ti to t2, and so on up to Rm from t=tm_i to t^ ,, 
which marks the end of the whole irradiation. Following the irradiation, 
there is a wait period, t„, during which the foils are removed from the 
capsules and stored. Finally, there is a count period, t^ , over which 
detector counts are recorded. In accord with Equation (9), the activity 
due to the jth irradiation period from tj_i to tj with reaction rate Rj 
will be at time tj: 
A'3'(tj) = NoRj{l-exp[-X<tj-tj.i)]} (11) 
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At time tn, it will be: 
(tn) - (tj)exp[-X(t„-tj) ] 
- NoRjexp[-A,(ta) ] [exp[-X(tj)-exp(-Xtj_i) ] (12) 
The total activity at tg due to all the irradiation periods is: 
A (ta) - EA'^ '(t„) 
- Noexp(-\t,) E Rj[exp(Xtj)-exp(Xtj.i)] (13) 
At the end of the wait period, t„/ or when the gamma counting starts, the 
activity is: 
A (tel) = A(tm) exp(-Xt„) (14) 
where td =• t„ + t,, is the start-of-count time. At time t^  into the 
counting period, the activity will be: 
A(tc) - A(tci) exp(-^ tc) (15) 
The number of disintegrations at time to is then: 
D - / A(tc) dto = A (toi)/ exp(-Xtc)dtc 
= [A(toi)/X] [l-exp(-Xt,)] (16) 
Equations (13-16) then give: 
D= (N„/X) { E Rj [exp(Xtj)-exp(A,tj.i) ] ) [exp(A,tci)-exp(Xto2) ] (17) 
where tc2 = toi + tg is the end-of-count time. It may be seen that when 
all Rj's have the same value R (corresponding to a steady beam current 
from to=0 to t„), Equation (17) reduces to: 
D - (NoR/X) [l-exp(Xt„) ]exp(A,t,) [l-exp(Xtc) ] (18) 
The number of counts, C, is obtained from the number of disintegrations, 
D, in (17) or (18) by: 
C - eo + B (19) 
where e is the detector efficiency and B is the background. 
If an isotope has a very short half-life, its activity would be 
determined in the very end of the irradiation and not affected much in 
the beginning of the irradiation because that activity would have 
decayed. A long-lived isotope would have the opposite effect. 
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Activation foils are used because they are small, require no 
electrical connection outside the irradiation volume, and are relatively 
insensitive to gamma rays, with the exception of (Y,n) reactions. The 
selection of activation foils is based on numerous factors [50]: 
Activation reactions are preferred at certain energies based on the 
reaction. The (n,Y) reaction is most sensitive at thermal energies. 
Reactions such as (n,p), (n,a), and (n,xn) occur above threshold 
energies and are most sensitive at high energies. 
As shown in Equation 3, the rate of activation interaction, R, is 
linearly proportional to the activation cross section. Care should 
be taken not to perturb the flux with the presence of activation 
foils with large absorption cross sections. 
If the half-life of the induced activity is too short, problems arise 
because the foil cannot be counted soon enough after the end of 
irradiation and the activity has decayed, making detection harder. 
The production of short-lived isotopes, such as ^ N^a, made the foils 
too hot to transfer because of radiation exposure, and the deadtime 
on the counter too high to analyze. If the half-life is too long, 
the required irradiation time, to produce a detectable activity, is 
very long. 
Impurities in the foil can interfere with the analysis of the induced 
activity. For this reason, high-purity foils were used in Experiment 
936. Material data sheets supplied by Reactor Experiments, Inc. 
listed an average purity of +99.9 percent. No individual impurity 
exceeded 0.01 percent. 
These factors influenced the foils selected for use in Experiment 936. 
B. Dosimetry Insert 
The design and dimensions of the dosimetry insert ("rabbit" system) 
were limited by those of the neutron irradiation location inserts. The 
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dosimetry insert is con^ osed of two parts; the upper section is made of 
low carbon steel and acts as a biological shield, and the bottom section 
is made of 304L stainless steel to reduce corrosion in the harsh 
radiation environment. 
The top section is made of three sections of stainless steel bolted 
together. The center section has a 5.1-cm thick groove machined out of 
it to house the water coolant lines and the dosimetry ("rabbit") tubes. 
Thin steel plates are bolted to either side of the center section. The 
top of the insert measures 0.3 meters long, 40.8 cm wide and 11.9 cm 
thick. Shield plugs are placed on either side of the insert for 
shielding. There is a jog in the insert 0.14 meters from the top to 
enhance shielding and prevent streaming of neutrons. 
The bottom section is composed of stainless steel plates welded 
together. There is a 2.5-cm-thick stainless steel plate before the first 
rabbit tube. Water coolant enters the bottom of the insert through a 
2.5-cm stainless steel tube on one side and exits through the other side. 
LASREF was designed to allow coolant to pass from one insert to the 
adjacent insert. 
The dosimetry insert was designed with four rabbit tubes positioned 
10.2, 14, 25.4, and 35.6 cm radially off beam centerline. The tube 
positions were chosen based on the results of the Monte Carlo 
calculations discussed in Section III of this paper. The placement of 
the tubes off beam centerline allowed measurement of the radial 
distribution of the flux and spectrum in the irradiation volume. Tubes 
(1.3-cm outside diameter, 0.9-mm wall thickness) were bent into a U-shape 
in the bottom of the insert to limit joints. A 9.5-mm stainless steel 
tube was placed in the U of the rabbit tube to position the capsules just 
below beam centerline. A slit was made through the top of the tube to 
allow helium gas to flow through the tube when the first capsule was 
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positioned in the tube. Stainless steel tubing replaced the aluminum 
tube that was used for the test setup because it deformed too easily when 
the capsules were positioned on top of it. The four inlet and outlet 
rabbit tubes and water coolant lines are swage-locked to the tubing going 
through the top of the insert. They are bent toward the center of the 
top section until they get approximately 0.14 meters from the top of the 
insert. At this point, they are bent to one side of the insert 
preventing straight paths for streaming of radiation into the concrete 
enclosure over LASREF. All tubes come out one end of the insert where 
they are swage-locked to the tubing connected to the iron retrieval casks 
outside the concrete enclosure. All swage locks were stainless steel and 
bored out and beveled at the ends to eliminate sharp edges that could 
catch the capsules. 
Four iron casks were placed on a metal platform to the east of the 
concrete enclosure to retrieve the irradiated capsules. The casks were 
15.2 cm in diameter and 25.4 cm long. A 12.7-mm hole was bored through 
the center of the cask. The 12.7-mm stainless steel tubing pushes into 
the front of the cask nearest the concrete enclosure. At the back of the 
cask, the hole is 9.5 mm in diameter preventing the capsules from passing 
through the cask into the rubber hose connected to the helium tanks. 
C. Irradiation Capsules 
Stainless steel tubing was bent to the dimensions in the insert and 
set up in Area A to test the proposed capsule design. Because of the 
extended length of the tubing, the test was done on the mezzanine area in 
Area A and extended into the Hot Cell Area on the main floor below. 
Helium gas flowing through polypropylene and stainless steel tubing was 
used to move the capsules. 
The outside dimensions of the capsule were limited by tolerances 
inside the stainless steel tube. The first capsule had pressed-on end 
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caps. Vibrations within the tube caused the end caps to become dislodged 
and the capsule got stuck. There was no way to attach the foils inside 
the capsule to assure their position for identification when the capsule 
was opened. The cap was redesigned to include a set screw that went 
through the side of the capsule into the cap to hold a center wire. 
Foils could be strung on this wire, guaranteeing identification when the 
capsule was opened. Since the cap was held on one side only, the cap 
came out of the capsule at an angle and then got stuck in one of the 
bends in the test setup. Even with two set screws, the set screws 
loosened enough to cause concern that the capsule would get stuck. There 
was still the problem of holding the center wire in place when the 
capsule was opened. 
After these tests, the development of the capsules went in two 
directions. The first was a capsule using a screw-on cap. A flat cap 
with a groove for a flat screwdriver was tested. This capsule failed 
because the vibrations in the tubing loosened the cap. The coarser 
threads were replaced with finer threads (1/4-56). The finer threads 
also failed under the vibrations caused by ten to thirty psi helium. The 
second alternative was to design the cap so that it was held in place by 
a snap ring, minimizing problems from vibrations. Since the Insert with 
the water coolant lines and rabbit tubes was designed first, the outside 
diameter of the capsule was set. This dictated the size of the snap 
ring. Unfortunately, the size required was a metric snap ring and not 
available in Europe without unacceptably long delays. First designs used 
a flat cap recessed into the capsule with a 6.4-mm snap ring. When the 
capsules landed on top of one another in the bottom of the insert and 
when they entered the iron casks, the top of the aluminum capsule 
deformed. The deformation prevented the cap from being removed. Next, a 
cylindrical top-notch was added on the capsule. Deformation still kept 
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the cap Inside the capsule. The oversized snap ring caused deformation 
and the concern that the capsule would get lodged in the tubing. Custom 
snap rings or wire wraps made from square stainless steel wires were 
purchased from American Ring Con^ any. The difficulty in using the square 
wire lugs was that they did not have the small eyelets on the end of the 
ring for placement and removal. A groove was cut into the edge of the 
capsule so a jeweler's screwdriver could be wedged underneath the lug and 
pried out. The topnotch was extended past the top of the capsule and 
countersunk at the top. When the capsules landed on top of one another, 
the topnotch deformed instead of the capsule. This design and its 
dimensions are shown in Figure 21. 
To aid in identification of the foils after they were irradiated, a 
center wire was staked into the underside of the cap. A stainless steel 
wire proved too stiff to bend at the bottom to hold on the foils. Since 
the capsule was made of aluminum it was decided to use aluminum for the 
center wire. 
High-purity foils were purchased from Reactor Experiments, Inc. for 
irradiation in the dosimetry insert. Foils were chosen for their 
threshold reaction energies and known activation cross sections. Table 4 
lists the activation reactions and their nuclear data. As noted in Table 
4, foils ranged in thickness from 0.025 to 0.13 mm. Several punches were 
made to stamp out the disks. Attempts proved unsuccessful. A hand-held 
punch was used. The punch was ground flat so the punched foils would be 
as flat as possible thereby enhancing heat transfer. Foils such as 
titanium, iron, and scandium were easily punched. Other foils such as 
aluminum and copper were thinner than the others and were punched between 
a thin layer of aluminum. The gold foil was too thin to punch so it was 
cut into square foils. Cobalt and nickel were punched on a Die Aero 
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Figure 21. Final design of the irradiation capsule used for Experiment 936 
punch between 0.2-nim aluminum sheets. Even with the Die Aero punch, 
there was tearing of the foils. After punching all the disks, a center 
hole (1.04 mm diameter) was punched in the foils for stringing on the 
center aluminum wire. The holes in the titanium foils had to be drilled 
because of the thickness of the foil. They were then individually 
cleaned in acetone in an ultrasonic cleaner for ten minutes and then 
washed in ethanol. After drying, the foils were stored in cleaned sample 
bottles. Foils were not handled to prevent the possibility of 
contamination from oils or dirt. Foils were weighed several times using 
a CAMN electrobalance or a Mettler mechanical balance. An average 
weight, to the nearest milligram, was used in the calculation. 
Table 4. Nuclear data for dosimetry reactions analyzed at LASREF 
Reaction Half-life Energy Range, MeV 
"Fe(n,Y) "Fe 44.6 d thermal 
"Fe{n,Y) "Fe* 44.6 d epithermal 
"Fe(n, a)"Cr 27.7 d 6 
"Fe {n,p)"Mn 312.5 d 1 
"Co(n,Y) ®»Co 5.27 y thermal 
"Co<n,7) "Co* 5.27 y epithermal 
"Co(n,p)"Fe 44.6 d 4 
"Co(n,2n)"Co 70.85 d 10 
"Co(n,3n)"Co 270.0 d 20 
"Co{n,4n)"Co 77.3 d 30 
"Ni(n,p)"Co 70.85 d 2 
"Ni(n,p)"Co 5.27 y 3 
"Ti (n,p)"Sc 83.8 d 3 
'^Al (n, x) "Na 2.6 y 24 
'^A1 (n, x) 'Be 53.28 d 17 
"Al(n,x)"Na 15.02 h 6 
"So(n,Y)"Sc 83.8 d thermal 
"Sc(n,7)"Sc* 83.8 d epithermal 
"'Au{n,2n)"®Au 6.2 d 8 
"'Au (n, 3n) *"Au 183. d 15 
"'Au (n, 7) "'Au 64.8 h thermal 
Cu(n,x)*®Sc 88.9 d 88 
Cu(n,x)"Cr 27.7 d 72 
Cu(n,x) "Mn 5.6 d 52 
Cu(n,x)"Co 5.27 y 28 
Cu (n, x) "Fe 44.6 d 40 
G^adolinium cover 0.08 mm thick. 
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Foils were strung in the same order in each capsule. An aluminum 
spacer was placed between the cap and the first foil (titanium) and 
between all consecutive foils thereafter. The aluminum spacer assured 
that all foils were surrounded by a like environment, i.e., aluminum. 
Most recoiling nuclei are heavy enough that they will not pass from the 
aluminum foil into the adjacent foil. A preferred method to aluminum 
spacers would be to irradiate three foils of the same material strung 
next to each other. Nuclei would recoil from all three foils. The 
center foil would be an average of the three irradiated foils and would 
be the foil that is analyzed. This method was not practical for 
Experiment 936 due to the large number of foils and the limited space in 
the capsules. Iron, gold, scandium, and cobalt foils were wrapped in 
0.025-cm gadolinium foil and placed in the bottom of the capsule below 
the strung foils. Gadolinium was used instead of cadmium because the 
microscopic thermal absorption cross section is higher (49,000 barns 
compared to 2,450 barns [51]). Comparison of the gadolinium-wrapped and 
bare foils allowed determination of the thermal-to-epithermal flux ratio. 
After the foils were loaded into the capsules, the cap was locked in 
place with the wire lug. A special tool was developed at the end of the 
experiment to position the wire lug. It proved more work than necessary 
because the lugs were too wide and the ends needed to be filed down. 
Numbers were engraved on the bottom of the capsules identifying the tube 
and stacking position for each irradiation. Dimensions of the capsules 
were recorded prior to irradiation. 
D. Description of Irradiations 
Prior to irradiating any foils, a Standard Operating Procedure (SOP) 
had to be written and approved by LAMPF Division. The SOP as shown in 
Appendix E briefly describes the experiment, the experimental procedure, 
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hazards associated with the experiment and emergency procedures. This 
procedure was followed each time an irradiation was made to reduce the 
possibility of accidents. For Experiment 936, the main hazards involved 
helium gas and radiation exposure. To prevent reduction of oxygen in the 
concrete enclosure, the helium lines were disconnected from the tanks 
except when in use (approximately 30 seconds). Contamination of the air 
near the helium controls was eliminated by venting the return helium 
lines back into the concrete enclosure and up the stack through filters. 
To reduce personnel exposure, the area was surveyed and roped off when 
irradiated capsules were present outside the concrete enclosure. 
Capsules were allowed to decay to a radiation exposure level of 100 
milliroentgen/hour (mR/hr) or less on the outside of the iron casks 
before being transferred to the Hot Cell Area where they were opened 
behind leaded glass. 
A checklist was written to assure that no steps were omitted when the 
irradiations were made. This list, as shown in Appendix E, recorded 
irradiation time, capsule stacking order, and safety measures. A chart 
recorder kept track of the beam history during the irradiation. In 
summary, the procedure for an irradiation was to place the capsules in 
the stainless steel tubing in front of the iron cask, connect the helium 
lines and push the capsules into their irradiation position, one tube at 
a time. A stainless steel tape was run into each tube to assure that the 
capsules were positioned in the bottom of the tube. Caution was taken 
when the tape was removed because the tape read as much as 400 mR/h due 
to production of short-lived isotopes in the steel. After the decided-
upon irradiation time, the helium flow was reversed and the capsules were 
returned to the cask through the same rabbit tube. The capsules were 
left in the cask until the radiation level at the surface of the cask 
decayed to an acceptable level for transport to the Hot Cell Area. 
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Average radiation levels on the outside of the casks were between one and 
15 R/h depending on the irradiation time and the rabbit tube. Capsules 
were reading as much as 50 R/h after irradiation due to the production of 
short-lived Isotopes such as ^ N^a in aluminum. Due to the possibility of 
high personnel exposure, permission from the Division office was required 
to analyze foils prior to the decay of short-lived Isotopes. 
The capsules were transferred to the south hood in the Hot Cell Area 
and the wire lug was pried out of the groove. Foils were pulled off the 
center wire, placed in plastic, and taped to an aluminum counting plate. 
Foils were not taped directly to the plate to eliminate the necessity for 
recleaning the foils before reweighlng after Irradiation. 
E. Gamma Analysis of Activation Foils 
Analysis of the foils was done by the Nuclear Chemistry Group, INC-
11, at Los Alamos National Laboratory. Foils were counted on a computer-
controlled Ge(Ll) detector. The computer moves the position of the 
sample to one of twelve distances, or shelves, from the detector. The 
distance from the detector is determined by the activity of the sample 
and therefore the deadtime in the electronics. 
The efficiency of each shelf was measured using a standard with 
several radionuclides. ®°Co and were used for higher energies. 
RAYGUN and SPECANL, modified version of GAMANAL [52], were used to 
analyze the activation foils to provide qualitative and quantitative 
analysis by interpretation of high-resolution gamma-ray spectra. The 
codes calculated the background. Identified the peak regions, fit the 
peaks, determined energies and intensities, and selected likely nuclei 
from its data base of gamma energy lines. The background or Compton 
continuum was determined using a smooth-step function at the center of 
the peak. Once the background was identified for the coiqplete spectrum, 
the code searched for areas where the spectrum was significantly higher 
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than the determined background. The area under the curve of count rate 
va energy was then determined. Using the measured energy calibration and 
the gamma energy data file, the peak energies were identified and 
gammas/minute at count time calculated using the efficiency curve. 
Intensities were extrapolated to the end of irradiation. 
Several sources of errors exist with the GAMANAL analysis results. 
First, there was not one library that included all the radioisotopes 
produced at LASREF. Some of the isotopes lighter than zirconium, for 
example ^ S^c and ^ S^c, were not included in the library. The activities 
of these isotopes were calculated from the raw gamma intensities. 
Second, several activities, as calculated in GAMANAL, were incorrect due 
to interference from other gamma rays since the code did not consider 
that the gamma intensity could result from more than one isotope. 
®^ Mn/®®Co is an example. To help identify those gamma rays that may be 
influenced by interference, the code printed an interference matrix for 
the peaks and ascribed radionuclides. Table 5 lists the gamma rays 
detected for capsule 3 (on beam centerline) for tube 3, irradiation 5. 
Interferences, as shown in Table 5, exist where two or more isotopes 
have gamma rays of similar energies that can not be resolved into 
separate peaks by the Ge(Li) detector. Third, a straight-line 
interpolation between gamma energies for the standard was assumed for the 
efficiency curve which converts counts in each channel to gammas/minute. 
For ^ "AU, approximately three percent was lost due to this interpolation 
[53] . 
Foils were counted a minimum of two times each. The first count was 
made shortly after the capsules were opened to measure the short-lived 
isotopes. The analysis was repeated about two weeks later to measure the 
longer half-life isotopes. 
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Table 5. Gamma ray energies detected for Irradiation 5, tube 3, capsule 
3, nickel foil. Interferences exist for energies with more than 
one "x" on a line 
Energy, 4 6 7 8 12 14 15 16 18 19 39 44 51 55 70 79 
MeV 
126.96 - - - - -x - - - - - - - --
127.10 - - -  - -  - -  - -  X -  - -  - -  -
136.39 - -  -  - X  -  -  - X X  -  - -
158.34 - - -  - -  - -  - X - - - - - - -
269.48 -
320.03 - -
346.03 -
480.43 - -  -  -  - X  -  -  -  - X -
744.08 -x - - - - - - - - - --
810.65 - -  -  -  -  - X  -  -  -  - X -
834.73 - -  -  X  -  -  -  -  -  -  -  -  -  - X  
846.67 - -  -  - -  X -  - -  - -  - -  - -  -
863.67 - - -  - -  - -  X -  - -  - -  - -  -
935.43 - - X - - - - - - - - - - - - -
944.01 X - - - - - - - - - - - - - - -
977.36 - • 
9 8 3 . 4 4  X  -
1037.77 - -
1099.22 - • 
1174.40 - • 
1238.28 - • 
1246.28 - • 
1291.61 - • 
1 3 1 2 . 1 3  X  •  
1333.34 - • 
1360.18 - • 
1377.66 - • 
1434.17 - • 
1562.06 - • 
1757.76 - • 
1771.67 - • 
1919.94 - • 
4= "V, 
15= "Co, 16= 
51 
51 Cr, 7- "Mn, 8-
Co, 18= ®®Nl, 19= ='Ni, 39= '"Se, 44= "Kr, 
"Sr, 55- 70» '®Nb, 79- ""Tc 
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Some foils, such as scandium and cobalt, were too radioactive to be 
counted on the same detectors as the other foils because the dead time 
was too long. Instead, these foils were counted on an older, calibrated 
detector that allowed the foils to be positioned 50.8 cm from the face of 
the detector, reducing the dead time to 25 percent. A dead time greater 
than 25 percent resulted in tailing of the front of the peak and 
distorted the Gaussian distribution. 
F. Correction for Decay During Irradiation 
The gamma intensities at the end of irradiation were used as input 
into the BCF code to correct for saturation of the activity. A copy of 
the BCF program is listed in Appendix F. A chart recorder was used to 
record the beam history during each irradiation. BCF corrects for decay 
during irradiation by breaking the history into constant flux intervals, 
integrating the activity over each constant flux interval and normalizing 
to the beam current. The beam current at LAMPF was seldom on 100 percent 
of the time during an irradiation. The beam was turned off for short 
periods (<15 minutes) to insert a target or to fix minor problems. The 
beam was lost during irradiation 7 for over eighteen hours due to 
problems with the accelerator. 
The beam history for irradiation 10 is listed in Table 6. As 
explained in Section IV.C., the capsules were inserted and removed from 
the rabbit system one tube at a time. This explains the different 
irradiation times for the first and last beam current groups in Table 6. 
BCF was used to correct all activities at the end of irradiation for 
decay during irradiation. 
59 
Table 6. Beam history for Irradiation 10 
Current (^ A) Tube 1 Tube 2 Tube 3 Tube 4 
751 0. 35 hr 0 .27 hr 0 .22 hr 0 .17 hr 
0 0. 65 0 .65 0 .65 0 .65 
751 2. 28 2 .28 2 .28 2 .28 
723 2. 61 2 .61 2 .61 2 .61 
751 15. 18 15 .21 15 .24 15 .29 
Avg time (hr) 21. 07 21 .02 21 .00 21 .00 
Avg current {(lA) 724. 29 724 .23 724 .21 724 .20 
G. Spectrum Unfolding 
The saturated activities were then put into a basic computer code 
written by L. Greenwood for the COMPAQ computer to determine the 
activities that were used as input in the spectrum unfolding code. These 
activities were calculated according to the following equation: 
A^  - (ACT*A)/(BCF*ABN*W*Nav) (20) 
where : 
A_ " saturated activity 
ACT • GAMANAL activity at the end of the irradiation 
A - atomic mass 
BCF = correction for decay during irradiation 
ABN " isotopic abundance 
W = foil weight 
Nav • avogadro's number, 6.023x10 
The saturated activities are listed in Appendix G. 
1. STAY'SL 
STAY'SL was written by Perey [29] at Oak Ridge National Laboratory and 
modified by L. Greenwood at Argonne National Laboratory to calculate a 
spectrum that will produce the measured activities given the activation 
cross sections and an input spectrum. STAY'SL is listed in Appendix H. 
A least-squares method is used to obtain the best solution in the sense 
that the elements of the covariance matrix are minimized. The output 
spectrum and its covariance spectrum are obtained by minimizing chi-
square based on the activation measurements, the activation cross 
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sections, and the input spectrum and their uncertainties. It is assumed 
that the three input quantities have uncorrelated uncertainties. The 
input spectrum was taken from the Monte Carlo calculation, as described 
in the previous chapter. 
The covariance matrix is calculated using [29]: 
s - d + (1-d){exp[-k(x-y)/w]} (21) 
where : 
s - covariance between x and y 
d = long-range covariance 
w = full width at half maximum (FWHM) of short-range Gaussian covariance 
k - normalization term 
Since it is assumed that the cross sections are fairly well-known, a FWHM 
of 20 energy groups was chosen in the unfolding. This makes the shape of 
the cross section stiff and does not allow sharp structures. A FWHM of 
seven energy groups was chosen, based on tests by L. Greenwood [54], for 
the flux. The smaller value was chosen because the input spectrum was 
not well known. A value of seven means that changes in one energy group 
will strongly affect the seven energy groups nearest it. The long-range 
correlation was taken as three percent; that is, a change in the 
epithermal range would only have a three percent chance of affecting the 
flux in the high-energy region. Cross correlation between activities was 
also taken into account. This value was one-half percent and originated 
from analyses made on the same detector or using the same method for 
detector calibration. The cross correlation for the cross sections 
originated from cross section measurements that are made relative to 
another isotope. It is a small effect so three percent was used in the 
unfolding. 
STAY'SL adjusts the activities, cross sections and input flux. The 
input file for Irradiation 3-2-3 is listed in Appendix I. The first line 
is a title line describing the analysis. Lines 2-4 list the covariances 
for the calculation. The saturated activities are listed in lines 5-18. 
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Cobalt and Iron had gadolinium covers (lines 5 and 8). Iron and cobalt 
are corrected for self-shielding. The fractional errors in the input 
spectrum are listed in lines 21-24. The energy groups for the input 
spectrum must match those in the cross section, cross section error, and 
self-shielding data files. The energy groups are listed in lines 27-45. 
The group input spectrum is listed in lines 46-64. The math library, 
LINPACK [55], was required for the calculation. 
Based on the calculated errors for the activities and the energy 
limits for each reaction, the input flux is manually adjusted and the 
code is rerun. 
2. Results 
a. Irradiation 1 Prior to completion of the Standard Operating 
Procedure (Appendix E), it was decided to test out the experimental 
procedure under the permission of a Special Run Request for Potentially 
Hazardous Operations. The irradiation was done to determine the time 
required to obtain an activity that could be detected with sufficient 
accuracy and to observe the radioactive decay of the capsules in the iron 
casks to determine the time required before they could be transported to 
the Hot Cell Area and prepared for analysis. The IP targets that were in 
the beam are listed in Appendix J. After the three-hour irradiation 
period, the capsules were allowed to decay inside the iron casks. A 
gamma probe was taped to the outside of the cask at the position of 
highest activity, and the decay of the radiation was recorded on a chart 
recorder. As a result of this experiment, it was noted that the 
activities of the aluminum capsule and the brass cap were high due to the 
production of ^ N^a and other very short-lived Isotopes. It was decided 
that as much as a two-day cool-down period may be required before the 
exposure rate was low enough to allow transfer to the Hot Cell Area. 
When the capsule was opened, it was found that the Indium foil had melted 
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and the gold foil was reading approximately 10 R/h beta-gamma at contact. 
As a result of these findings, indium and gold foils were not used in the 
other irradiations. 
b. Irradiation 2 The original plans were to measure the spectra 
below, on, and above beam centerline in each tube for each irradiation. 
This could mean as many as 156 aluminum "rabbits" and analyzing as many 
as 2300 foils. To save time and reduce cost, irradiation 2 was made with 
five capsules stacked on top of one another in tube 1. The foil package 
was simplified for this run to include only iron, cobalt, and nickel 
foils. These foils were chosen because of their reaction threshold 
energies and the known cross sections. The saturated activities are 
listed in Table 7. 
Table 7. Saturated activities for irradiation 2. Capsules are stacked on 
top of each other in tube 1. Capsule 3 is located at beam 
centerline. Activities are atom/atom-s. 
Reaction Capsule 1 Capsule 2 Capsule 3 Capsule 4 Capsule 5 
Fe (n,x) "Mn 
Fe (n,x)%Cr 
1.5x10 -12 1.5x10 -12 1.6x10 •12 1.4x10 -12 
7.6x10"" 7.7x10"" 7,6x10"" 7.3x10"" 
-13 3.2x10 
9.2x10"" 
7.2x10"" 
3.3x10 -13 3.2x10 •13 3,1x10 -13 
"Co (n, 2n) "co 1. 1x10"^ ' 1. 4x10"" 
"co (n, 3n) "co 4. 3x10"" 5. 4x10"" 
®®Ni{n,p) „Co 5.0x10"" 
1.5x10 
5.4x10 
-13 
-14 
®°Ni(n,p)®°Co 6.9x10"" 
4.0x10"" 4.1x10 -13 
5.1x10"" 6.0x10"" 
1,5x10"" 
5.4x10"" 
3.8x10"" 
5.2x10"" 
1.4x10"" 
7,2x10"" 
3.3x10"" 
1.2x10"" 1.1x10"" 1.1x10"" 9.6x10"" 
9.0x10"" 9.0x10"" 9.0x10"" 8.1x10"" 
1.2x10"" 
4.8x10"" 
-13 3.8x10 
4.9x10"" 
The results show no difference, within statistical error, in the measured 
activity over the 12.7 cm. Since no difference was measured, one capsule 
per tube with activation foils was stacked on top of two solid aluminum 
spacers to position it at beam centerline for the remaining irradiations, 
with the exception of irradiation 7. 
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c. Irradiation 3 Irradiation 3 was made to determine the 
contribution from the back-scattered neutrons to the measured neutron 
flux. During this irradiation, only two IP targets were in the beam; 
targets six and seven contained indium and rubidium-bromide (RbBr) and 
were located next to neutron irradiation location three. Because the 
neutron flux in location two is due to back-scattered neutrons, the 
neutrons are lower in energy and do not possess the high-energy tail 
characteristic of neutrons that are forward scattered. 
d. Irradiation 5 Irradiation 5 was made outside the IP targets 
with six IP targets in the beam. Figure 22 shows the differential flux 
for tubes one through four. The fluxes from the first three tubes are 
similar in spectral shape. Tube 4 shows a peak at approximately 50 keV. 
This enhancement is due to the 24-keV transmission window (absorption 
cross section is lower at this energy) in the iron cross section. The 
peak is at 50 instead of 24 keV because the energy groups for the 
activation cross section are not fine enough and because STAY'SL has only 
one reaction (®®Fe (n,7) ®'Fe) with which to fit the spectrum in this energy 
region. This enhancement is tempered somewhat by the fact that the 
bottom of the insert is made of stainless steel instead of pure iron. 
This occurs because the cross sections at 24 and 30 keV are 0.4 barns and 
90 barns, respectively, for iron, compared to 2.6 barns and 70 barns, 
respectively, for stainless steel. The transmission window in pure iron 
is a factor of 225 times the absorption peak at 30 keV. The 
corresponding ratio in the cross section for 304L stainless steel is only 
a factor of 27. The percentage differences in the STAY'SL calculated 
saturated activities. A, and the measured saturated activities, M, are 
listed in Table 8. 
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Figure 22. Differential neutron spectrum for Irradiation 5, tubes one through four [37] 
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Table 8. STAY'SL fit for irradiation 5. The error is equal to [(M-
A)/M]xlOO where M is the measured activity and A is the STAY'SL 
calculated activity 
Reaction Tube 1 Tube 2 Tube 3 Tube 4 
Error, % Error, % Error, % Error, % 
"co(n,Y)®°Co* 
!?Fe{n,7)"Fe 
®®Fe(n,7)"Fe* 
Fe (n, x) "Mn 
Fe{n,x)"Cr 
S&ig-
"Co(n,2n)=®Co 
"Co(n,3n)"co 
Cu(n,x) "sc 
Cu(n,x) "Cr 
Cu (n, x) "Mn 
Cu(n,x) Co 
Cu(n,x) "^ Fe 
6. 16. 6. 33. 
4. - 1. 12. 3. 
-40. -22. -24. -35. 
- 8. 10. 16. 39. 
-14. -17. -14. -16. 
-23. -19. -11. 1. 
-12. 19. 7. 26. 
3. - 7. - 9. 17. 
5. -14. - 9. 11. 
13. 30. 32. - 6. 
3. -12. 11. 13. 
15. 7. - 1. 3. 
- 8. -18. -34. - 5. 
62. 70. 69. 68. 
63. 76. 79. 80. 
*Gadolinium-wrapped foils, 0.08 mm thick. 
e. Irradiation 6 Irradiation 6 was done with no IP targets in 
the beam. Special arrangements were made with the Nuclear Chemistry 
group to keep the targets out of the beam at the beginning of cycle 43 so 
this measurement could be made with the total proton beam to Area A-6 
deposited in the beam stop. As it turned out, the accelerator developed 
problems during the irradiation and was down for 18 hours. Rather than 
remove the capsules until the beam could be restarted, it was decided to 
leave them in their irradiation location and to correct for decay during 
the irradiation and any down time with the BCF computer code. The 
STAY'SL fit is listed in Table 9. The differential flux, as shown in 
Figure 23, shows similar spectral shapes for tubes 1-3. Again tube 4 
shows an enhancement in the keV region due to the transmission window in 
the iron cross section. 
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Figure 23. Differential neutron spectrum for Irradiation 6, tubes one through four [37] 
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Table 9. STAY'SL fit for irradiation 6. The error is equal to [(M-
A)/M]xlOO where M is the measured activity and A is the STAY'SL 
calculated activity 
Reaction Tube 1 Tube 2 Tube 3 Tube 4 
Error, % Error, % Error, % Error, % 
5gCo(n,Y)®;Co* 
!?Fe(n,Y)"Fe 
®®Fe(n,Y)"Fe* 
Fe{n,x) 
Fe(n,x) Cr 
Ss'llii 
"Co (n,2n)S*Co 
"Co (n, 3n) "Co 
Cu(n,x)"Sc 
Cu(n,x) Cr 
Cu (n, x) "Mn 
Cu(n,x) Co 
Cu{n,x) Fe 
11. -13. 7. 36. 
9. 10. 15. 5. 
-13. -17. - 6. -34. 
9. 22. 16. 14. 
-23. 4. -20. -14. 
- 3. - 8. - 1. 5. 
56. 8. 5. 17. 
2. - 3. -20. 15. 
-37. -23. -40. -13. 
28. 42. 26. -16. 
13. 16. 29. 26. 
3. 15. 7. 4. 
• 19. -10. -32. -40. 
66. 70. 71. 68. 
72. 76. 81. 82. 
*Gadolinium-wrapped foils, 0.08 mm thick, 
f. Irradiation 7 Irradiation 7 was made outside the beam stop 
with a full IP target loading. Eight targets, instead of nine, are 
considered a full loading because IP target one is used for rare and very 
short runs (less than three hours) to produce xenon gas for medical 
applications. For this irradiation, three loaded capsules and two 
spacers were irradiated in each tube. Similar to irradiation 1 outside 
the IP targets, irradiation 7 was made to measure the flux below, on, and 
above beam centerline for the inserts next to the beam stop. After 36 
hours of beam time, the capsules were removed from the irradiation 
location and placed into the iron casks. Since the casks were not opened 
immediately after irradiation because of the high radiation levels, it 
was not discovered until two days later when the casks wero moved to the 
Hot Cell Area, that the bottom capsules in tubes two and three were 
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stuck. To remove the capsules, the helium pressure was Increased to 100 
psl. Since these capsules were Irradiated while the IP targets were 
changed, the results were not analyzed. Tubes 1 and 2 show a similar 
spectral shape for the differential flux, as shown in Figure 24. Tube 3 
shows an enhancement between 20 keV and one MeV. The knee of the peak Is 
at approximately one MeV, the most probable energy of the spallation 
neutrons from the evaporation process. The enhancement in the keV region 
is becoming evident but is not a pronounced peak as seen in tube 4. Tube 
4 shows the enhancement due to the transmission window in iron. The 
STAY'SL fit is listed in Table 10. 
Table 10. STAY'SL fit for irradiation 7. The error is equal to [(M-
A)/M]xl00 where M is the measured activity and A is the 
STAY'SL calculated activity 
Reaction Tube 1 Tube 2 Tube 3 Tube 4 
Error, % Error, % Error, % Error, % 
"co(n,Y)"Co* 
®®Fe(n,7)JjFe 
®®Fe (n,Y)%Fe* 
Fe(n,x) "un 
Fe(n,x)' Cr 
iHil 
"C0(n,2n)"C0 
"Co (n, 3n) "Co 
Cu(n,x)^ ®Sc 
Cu{n,x) „Cr 
Cu(n,x) "Mn 
Cu(n,x) Co 
Cu(n,x) Fe 
13. - 1. 10. 40. 
5. - 1. - 7. -18. 
-15. -29. -32. -60. 
4. -17. 15. 24. 
-15. -97, - 9. - 1. 
-34. -20. -17. -31. 
13. 5. 30. 15. 
-23. - 3. 12. -13. 
-15. - 9. 11. - 5. 
31. 34. 14. 43. 
2. 7. 44. - 3. 
10. 9. 21. 5. 
- 9. -21. - 9. -24. 
62. 68. 68. 72. 
71. 78. 81. 84. 
*Gadolinium-wrapped foils, 0.08 mm thick. 
Q. Irradiation 9 Irradiation 9 was run under a Special Run 
Request to obtain a short three-hour irradiation with a two hour cool-
down period. The foils were mounted and counted for the first time 
within three hours after then end of irradiation. This was done to 
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Figure 24. Differential neutron spectrum for Irradiation 7, tubes one through four [37] 
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obtain data on as many of the shorter-lived isotopes as possible. 
Reactions such as Al{n,0)^ %a, Co{n, 4n)"co, Fe(n,x)®®Mn, and Fe{n,x) 
®®Co were detected. The STAY'SL fit is listed in Table 11. 
Table 11. STAY'SL fit for irradiation 9. The error is ecjual to [(M-
A)/M]xlOO where M is the measured activity and A is the 
STAY'SL calculated activity 
Reaction Tube 1 
Error, % 
Tube 2 Tube 3 
Error, % Error, % 
Tube 4 
Error, % 
®Jco(n,y)®JCo* 
"Fe{n,7)"Fe 
®®Fe(n,y)"Pe* 
Fe(n,x) "Mn 
Fe(n,x)'^ Cr 
15. 
- 2. 
-22. 
5. 
-18. 
3. 13. 
2. - 8. 
-39. -27. 
17. 10. 
-11. -14. 
43. 
- 7. 
-47. 
12. 
-28. 
?Î3| 
"Co(n,2n)f®Co 
"Co (n, 3n) "Co 
-11. 
19. 
- 3. 
-10. 
29. 
-13. -17. 
25. 63. 
- 5. 13. 
- 9. 5. 
35. 6. 
- 4. 
8. 
- 9. 
-10. 
Cu(n,x) "Cr 
Cu(n,x) Mn 
Cu(n,x) ®°Co 
Cu(n,x) Fe 
7. 
- 9. 
64. 
71. 
11. 18. 
-25. -24. 
71. 67. 
71. 80. 
15. 
68. 
82. 
*Gadolinium-wrapped foils, 0.08 mm thick. 
h. Irradiation 12 Irradiation 12 was made after the accelerator 
had shut down for the six-month maintenance period. The irradiation was 
not made until the development beam was turned off to assure no proton 
beam was run into LASREF. The experiment measured the contribution of 
photoneutrons (Y,n) to the measured activities. Measured activities for 
all four tubes showed the same degree of activity. While the activity is 
low, there was obviously some contamination in the system. This is 
particularly evident in the products from stainless steel that could not 
be produced from gzunmas. Since the threshold for <7,n) reactions is 
approximately the binding energy of the neutron, this would require that 
the gammas be of energy between 5-8 MeV for elements greater in mass than 
beryllium. The maximum energy from the decay of radioactive stainless 
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Steel is approximately 2 MeV, lower than the binding energy per nucléon 
of stainless steel conponents. B^e is the one isotope that seems to be 
produced in an amount in excess of all the other isotopes. This could be 
from (Y,n) reactions in the air in the system. Washing the foils with 
acetone decreased the activity by half. It was determined that a 
stronger solution and ultrasonic cleaning would be needed to remove the 
rest of the activity. As a result of these data, several foils were 
washed and recounted to determine if the activity changed. The presence 
of contamination from stainless steel elements would suggest corrosion on 
the inside walls of the tubing that is getting into the sealed capsule 
around the cap when the helium propels the capsule in and out of the 
insert. 
i. Proton dosimetry A circular aluminum holder with twelve foils 
was placed perpendicular to the proton beam in IP stringer five to 
measure the primary proton flux. Due to oxidation on the inside of the 
holder, several foils, cobalt, copper, zinc, and yttrium, were not 
retrieved for analysis. The activities, reaction cross sections, and 
calculated proton flux are listed in Table 12. 
Table 12. Proton dosimetry data from IP target five [Greenwood, 54] 
Reaction Activity, Cross Section, Proton Flux 
atom/atom-s mb p*/cm^ -s 
A1 (p,x)"Na 
A1(p, x) Be 
V(p,n)"Cr 
V(p,x)«So 
v(p,x)"v 
Ti ( P , n)"v 
Ti (p,x)"Sc 
Fe(p,x)"co 
Fe (p,x)"Co 
Fe(p,x)^ M^n 
Fe (p,x)"cr 
Fe(p,x)"v 
Fe (p,x)*®Sc 
1.6xl0""(± 2%) 13 3.1x10 
8.9x10"" (± 4%) 5 1.8x10 
6.6x10"" (±56%) 1 6.6x10 
6.0x10"" (± 1%) 12 5.0x10 
3.8x10""(± 2%) 25 1,5x10 
5.3x10"" (±10%) 2 2.7x10 
8.8x10"" (± 1%) 26 3.4x10 
2.1x10"" (± 6%) 2 10.6x10 
6.6x10""(± 4%) 0.1 660.0x10 
4.8x10""(± 6%) 25 1.9x10 
5.0x10"" (±21%) 29 1.7x10 
1.9xl0""{± 8%) 13 1.9x10 
1.0x10"" (±10%) 6 1.7x10 
13 
13 
13 
13 
13 
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Table 12 (continued) 
Ni(p,x) "nn 
Ni{p,x) "co 
Ni(p,x)®®Co 
Ni(p,x)®°Co 
Ni (p,x)"v 
8.3x10""(± 6%) 
2.2x10""{± 7%) 
2.0x10"" (± 1%) 
4.2x10"" (± 2%) 
4.0x10""(± 6%) 
17 
28 
18.5 
1.4 
11 
4.9x10" 
0.8xl0"i 
10.7x10" 
300.0x10" 
3.6x10" 
Ni(p,%)"Sc 
Fe(n,Y)"Fe 
Sc (n,7)"Sc 
Aufn,?)!* Au 
2.6x10""(± 7%) 
1.6x10"" (±25%) 
1.5x10"" (± 1%) 
7.1x10"" 
2 
(n,7) 
(n,Y) 
(n,Y) 
13.0x10" 
The flux calculated from the Fe(p,x)®'Co and Ni (p,x) is too large, 
suggesting bad data. The average proton flux for the remainder of the 
data was 4.4x10" (±2.8) protons (p*) /cm^ -s. The last three reaction 
products can only be produced by neutrons, suggesting the presence of 
secondary neutrons from spallation reactions. 
3. Discussion 
Review of the STAY'SL fits to the measured activity for irradiations 
5, 6, 7, and 9 show several reactions that have a consistent negative or 
positive error for all irradiations. A negative error would imply that 
the measured activity is too low for the input flux and the flux should 
be decreased in the responsive energy range. A positive error implies 
the flux should be increased to give the measured activity showing the 
cross sections. The gadolinium-wrapped iron foil with the ®®Fe(n,y)®'Fe 
reaction gave consistently negative errors. This response was opposite 
of the other thermal/epithermal reactions in iron and cobalt. It was 
thought that the responses for the reactions depended on the way the 
gadolinium was wrapped around the foils. A gadolinium thickness of 0.08 
mm was assumed in the STAY'SL input file. While the foil thickness was 
only 0.025 mm, 0.08 was used instead because it was folded over the foils 
several times. To investigate the contribution of the differing foil 
thicknesses to the error in the STAY'SL fit, we look at the transmission 
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of thermal neutrons through gadolinium. The governing equation Is; 
l/Io - exp (-NOx) (22) 
where : 
l/Io ~ ratio of the number of neutrons transmitted through the foil to 
the number of neutrons transmitted without the absorber 
N - atomic density 
O - microscopic cross section 
X - foil thickness 
Given an atomic density of 3.1x10^  ^atoms/cm^ , a microscopic cross section 
of 49,000 barns, and foil thicknesses of 0.025, 0.08, and 0.15 mm, one 
gets transmission ratios of 0.02, 5.3x10"®, and 1.3x10"^ °, respectively. 
The error for assuming 0.0025 instead of 0.008 cm of gadolinium could 
cause some of the error obtained in the STAY'SL fit for this reaction. 
If there was a problem with the iron (n,7) cross section, the effect 
would show up in the bare iron.foil. It does not; the error for the bare 
foil is positive. 
For both the Cu(n,x)®'Fe and Cu(n,x)®°Co reactions, the error is large 
and positive. While the high-energy flux could be increased to 
accommodate these errors, it would make the Cu{n,x)"Mn errors larger and 
more negative. Since all three of these reactions are spallation 
reactions with a threshold energy above 25 MeV, they should all respond 
in the same way, i.e., positive or negative errors if the measured 
activity is correct. The cross sections for the Cu(n,x)®'Fe and 
Cu(n,x)®°Co reactions are larger than the Cu{n,x)®^ Mn reaction. 
4. Radial flux distribution 
The group energy fluxes for irradiations 5, 6, 7, and 9 are listed in 
Table 13. The most pronounced effect is the enhancement of the flux for 
energies below 0.1 MeV in tube 4 for all four irradiations. The 
enhancement in the flux for tube 4 varies from approximately two to four 
times the flux in tube 3. This means that the flux below 0.1 MeV will 
increase by a factor of two to four between 25.4 and 35.6 cm off beam 
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centerllne. For all other energy groups, with the exception of one for 
irradiations 7 and 9, the flux decreases moving radially from beam 
centerline. The exception is the energy group from 0.1 to 1.0 MeV. The 
flux in tube 4 is greater than the flux in tube 3 which in turn is 
greater than the flux in tube 2. This increase in tube 3 is attributed 
to contributions to the flux beside the beam stop 25.4 cm from beam 
centerline from forward scatter from the IP targets through the stainless 
steel shielding. It was not seen in irradiations 5 and 6 because there 
were no targets upstream from the dosimetry insert and because the IP 
targets were all removed, respectively. 
Table 13. Group energy fluxes for irradiations 5, 6, 7 and 9 
Irradiation 5 
Energy, 
MeV 
<0.1 
0.1-1.0 
1.0-10.0 
10-20 
20-40 
Tube 1 
n/cm^ -s-mA 
9.9xl0"(±15%) 
l.lxl0"(± 8%) 
Tube 2 
n/cm^ -s-mA 
Tube 3 
n/cm^ -s-mA 
9.3x10"(±17%) 3.4xl0"{±15%) 
4.3xl0"(±ll%) 1.3xl0"{± 9%) 
3.7xlO„ (±10%) 1.9x10" (±10%) 5.1xl0"(±10%) 
2.4x10" (±14%) 1.4x10" (±15%) 3.8x10"(±15%) 
3.4x10" (±18%) 1.3x10" (±20%) 3.5xl0"(±20%) 
40-100 3.8x10" (±21%) 
100-200 3.3x10" (±28%) 
>200 5.0x10" (±20%) 
Total 2.6x10"(± 8%) 
2.1x10" (±20%) 5.7x10" (±21%) 
8.9x10"(±27%) 2.2x10"(±28%) 
9.0x10" (±19%) 1.8xl0"(±21%) 
1.6xlO"{± 9%)5.4xl0"(± 8%) 
Tube 4 
n/cm^ -s-mA 
1.2x10" (±13%) 
3.3xl0"(± 9%) 
1.9x10" (±10%) 
1.0xl0"(±17%) 
1.9x10" (±19%) 
1.8x10" (±19%) 
1.2x10" (±22%) 
4.0x10:(±27%) 
1.6x10" (± 9%) 
Irradiation 6 
Energy, 
MeV 
<0.1 
0.1-1.0 
1.0-10.0 
10-20 
20-40 
Tube 1 
n/cm^ -s-mA 
Tube 2 
n/cm -s-mA 
Tube 3 
n/cm^ -s-mA 
2.7x10" (±16%) 
1.4x10"(± 8%) 
4.9x10" (±10%) 
3.2x10" (±15%) 
1.0xl0"(±15%) 4.1x10"(±12%) 
3.5x10"(± 9%) 1.3x10"(± 9%) 
1.5x10" (±10%) 5.1x10" (±10%) 
1.2x10" (±13%) 3.7xl0"(±13%) 
2. 9x10" (±19%) 1.2x10" (±19%) 3. 6x10^ ' (±18%) 
40-100 5.3x10" (±19%) 
100-200 2.4x10" (±20%) 
>200 2.7xl0",(±19%) 
Total 4.8x10"(± 8%) 
1.6x10" (±20%) 5.8x10"(±19%) 
5.0x10" (±26%) 1.9x10" (±23%) 
4.2x10" (±18%) 1.3xl0"(±20%) 
1.5x10" (± 8%) 6.2x10" (± 9%) 
Tube 4 
n/cm^ -s-mA 
1.3x10" (±16%) 
3.7x10" (± 9%) 
2.0x10" (±10%) 
1.0xl0"(±17%) 
1.9xl0"(±18%) 
1.8x10" (±19%) 
9.1x10'(±19%) 
3.0x10®(±28%) 
1.7xl0"(±10%) 
Table 13 (continued) 
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Irradiation 7 
Energy, 
MeV 
<0.1  
0.1-1.0 
1.0-10.0 
10-20 
20-40 
40-100 
100-200 
>200 
Total 
Tube 1 
n/cm -s-mA 
Tube 2 
n/cm -s-mA 
Tube 3 
n/cm -a-mA 
Tube 4 
n/cm -a-mA 
1.3x10" (±15%) 
7.0x10"(± 8%) 
2.9x10" (±10%) 
1.8x10" (±12%) 
6.0x10}! (±15%) 4.9x10" (±15%) 
2.4x10" {± 9%) 4.4x10" (± 8%) 
1.0xl0"(±10%) 6.0x10" (±10%) 
7.3xlO"(±12%) 1.9x10"(±19%) 
1.5x10" (±18%) 6.8x10"(±18%) 2.9xl0"(±23%) 
2.9xl0"(±19%) 1.2xl0"(±20%) 4.Ixio"(±22%) 
1.7x10" (±20%) 5.3x10"(±25%) 3.4xlO"(±17%) 
2.0x10" (±10%) 5.1x10"(±17%) 1.0xl0"(±24%) 
2.4xlO"(± 7%) 9.8x10" (± 7%) 1.0xl0"(± 8%) 
1.2x10" (±16%) 
5.5x10" (±12%) 
1.5x10" (±11%) 
9.5x10®(±13%) 
9.7x10®(±19%) 
1.7xl0"(±21%) 
7.0x10®(±26%) 
6.1xlO®(±16%) 
1.8x10" (±11%) 
Irradiation 9 
Energy, 
MeV 
<0.1 
0.1-1.0 
1.0-10.0 
10-20 
20-40 
Tube 1 
n/cm -S-mA 
1.9xl0"(±12%) 
9.7x10" (±13%) 
3.5x10" (±12%) 
'ill i 
Tube 2 
n/cm -S-mA 
Tube 3 
n/cm -S-mA 
8.0x10"(±12%) 6.6xl0"(±ll%) 
3.1x10"(±14%) 6.3x10"(± 8%) 
1.2xl0"(±13%) 8.0x10" {± 9%) 
2.3x10'^ (±13%) 9.9x10"(±13%) 2.9xl0"(±16%) 
2.4xlO"(±17%) 9.8x10"(±18%) 4.7xlO"(±19%) 
1.7xl0"(±19%) 6.6xl0"(±20%) 
7.4x10"(±26%) 3.3x10"(±24%) 
40-100 4.1x10" (±18%) 
100-200 2.1x10" (±26%) 
>200 2.6x10" (±20%) 
Total 3.3x10" (±10%) 
Tube 4 
n/cm -S-mA 
1.6x10" (±10%) 
4.6x10" (± 8%) 
2.5xl0"(±10%) 
1.2x10 
2 
10 (±15%) 
lxl0"(±16%) 
6.5x10"(±22%) 2.1x10"(±26%) 
1.3xl0"(±10%) 1.4xl0"(± 8%) 
2.2xl0"(±17%) 
2.1x10" (±19%) 
4.6x10®(±34%) 
2.1xl0"(± 9%) 
Another method for looking at the radial distribution of the flux 
from beam centerline is to choose reactions that have 90% energy limits 
for their activities in specific energy regions and to plot the 
activities moving radially from beam centerline. This is shown in Figure 
25. The reactions chosen were ®®Fe (n,Y)®®Fe for the thermal/epithermal 
response, ®®Fe(n,7)®®Fe gadolinium-wrapped for the epithermal response, 
®®Ni(n,p)®®Co for the 1 to 20 MeV response, ®®Co (n, 3n) "Co for the 20 to 60 
MeV response and Cu (n, x) ®^ Cr for the spallation response. The plots for 
all three irradiations show that the activities for the 
thermal/epithermal, epithermal, 1 to 20, and 20 to 60 MeV energy regions 
decrease at the same rate. The activities for the spallation reaction 
lOr 3 
10-N 
10"^ 
10 r-3 
o «•BbCo.aO^  
+ Cu(a,]^ "%a 
X "Ou(pf)"Zn 
10 r-1 
T 1 I I 
10' 
RADIAL DISmNCE FROM BEAM CENTERUNE W 
Figure 25. Radial distribution of actj^ vities. Reactions shown are ®®Fe (n,Y) ®'Fe for the 
thermal response 
,59. ®®Ni(n,p)-
response. 
Fe(n,7) Fe gadolinium-wrapped for the epithermal response, 
Fe for the one to 20 MeV response, 'co(n,3n)"co for the 20 to 60 MeV 
and Cu(n,x)®^ Cr for the spallation response [38] 
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decrease faster as one moves radially from beam centerllne. This would 
be expected since the high-energy neutrons would have a high probability 
of causing spallation, thereby decreasing the high-energy tail. 
Comparison of the absolute activities can not be made to give ratios for 
the different energy groups because the cross section for each reaction 
is also a function of energy. 
5. Flux along the beamline 
To analyze the flux along the beamline, a comparison of irradiation 5 
(outside the IP targets) and^  (outside the beam stop) is made. These 
two irradiations were chosen because the IP target loading was as 
complete as possible for both cases and would minimize effects due to IP 
target loading. Spectral shapes for the flux are similar for tubes one, 
two, and four. Tube 3 shows an enhancement for irradiation 7 that is not 
seen for irradiation 5. As stated previously the enhancement is 
attributed to forward scatter through the stainless steel shielding 
between the IP targets in the beam and neutron irradiation location six. 
The total flux is approximately 25 percent greater for irradiation 5 over 
7 for all tubes except three. The total flux in tube 3 is approximately 
50 percent greater for irradiation 7 due to spallation and forward 
scatter from the IP targets. Another difference is seen in the energy 
group greater than 200 MeV. The flux is greater in this group for 
irradiation 5 than irradiation 7 because of degradation of the energy of 
the proton beam in the IP targets prior to interaction with the beam 
stop. 
6. Effect of the IP loading on the spallation neutron flux 
Comparison of irradiation 6 with all IP targets removed from the beam 
and irradiation 7 with IP targets in the beam shows the effect of the IP 
target loading on the spallation neutron flux and energy spectra. The 
total neutron fluxes in tubes one and two are a factor of two greater 
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when no IP targets are in the beam conqpared to when the IP target loading 
Is complete. Due to forward scattering from the loaded IP targets, the 
total fluxes In tubes three and four are the same for both Irradiations. 
The high-energy neutron tall Is greater for the Irradiation when no IP 
targets are In the beam, because the energy of the proton beam Is not 
degraded In the IP targets. 
7. Sensitivity tests 
To determine the confidence level In the STAY'SL output, sensitivity 
tests were run. STAY'SL was run to test the sensitivity of the computer 
code to input, such as activity variances, input flux, input flux 
variances, and short-range flux covarlances. 
The variances for the activities were taken from the gamma analysis. 
Since STAY'SL adjusts not only the input spectrum, but also to the 
activities and cross sections, changes in the activity variances could 
affect the fit. This test was made by Increasing the variances for the 
spallation reactions which showed the largest errors in the fit. Figure 
26 shows no difference in the STAY'SL calculated spectrum for irradiation 
5-1-3 when the variances are changed by 40%. The group fluxes are listed 
in Table 14. 
The input flux variances had a larger effect than the variances for 
the activities on the output spectrum. The test was made for irradiation 
5-1-3. Two changes were made. First the high-energy variances were 
decreased by a factor of two. The resulting high-energy flux was 
decreased by a factor of 40% but the chi-square value only increased by 
10%. Next, the variances in the eplthermal energy region were doubled so 
that STAY'SL could adjust the flux more in this region. This change had 
less than a ten percent effect. Indicating that the input flux was close 
to the accurate value in this energy region. The flux variances seem to 
have the most effect when the input spectrum is not well known, but the 
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Figure 26. Comparison of the differential, output neutron spectrum for Irradiation 
5-1-3 testing the sensitivity of STAY'SL to the input variances. The solid 
line shows the original output spectrum using the variances from the gamma 
analysis. The dotted line shows the output spectrum after the variances for 
the saturated activities were modified by 40%. 
variances are held low, not allowing STAY'SL to adjust the spectrum to 
fit the activities. The group energy fluxes are listed in Table 15. 
Table 14. Group neutron fluxes for sensitivity tests for irradiation 
5-1-3 
Energy (MeV) Low Activity Errors High Activity Errors 
n/cm -s-mA n/cm -s-mA 
<0.1 
0.1-1.0 
1.0-10.0 
10-20 
20-40 
9.8x10" (±15%) 
1.0xl0"{± 8%) 
3.6x10"(± 9%) 
2.3x10" (±14%) 
3.6x10" (±17%) 
9.8x10" (±17%) 
1.0xl0"(± 8%) 
3.6x10" (± 9%) 
2.3x10" (±14%) 
3.6x10" (±17%) 
40-100 
100-200 
>200 
Total 
4.0x10" (±21%) 
3.3x10" (±28%) 
5.0x10" (±19%) 
2.6x10"(± 8%) 
3.9xl0"(±20%) 
3.2x10" (±28%) 
4.8xl0"(±20%) 
2.6x10"(± 9%) 
Table 15. Group energy fluxes for sensitivity tests for irradiation 
5-1-3. The variances of the high energy flux were reduced 
for test one and the variances for the epithermal flux were 
increased for test two 
Energy (MeV) Original Data Test One Test Two 
n/cm -S-mA n/cm -s-mA n/cm^ -s-mA 
<0.1  
0.1-1.0 
1.0-10.0 
10-20 
20-40 
40-100 
100-200 
>200 
Total 
9.8x10" (±15%) 
1.0xl0"{± 8%) 
3.6x10" (± 9%) 
2.3xl0"(±14%) 
3.6x10" (±17%) 
4.0x10" (±21%) 
3.3x10" (±28%) 
5.0xl0}t(±19%) 
2 6xl0"(± 8%) 
9.8x10" (±17%) 
1.0xl0"(± 8%) 
3.6x10" (± 9%) 
2.3x10" (±14%) 
3.6x10" (±17%) 
3.9x10" (±20%) 
3.2x10" (±28%) 
4.8x10" (±20%) 
2.6xl0"(± 9%) 
9.6x10" (±15%) 
9.8x10" (±14%) 
3.3x10" (±14%) 
2.3x10" (±15%) 
3.6x10" (±17%) 
4.0x10" (±20%) 
3.3x10" (±28%) 
5.0x10" (±19%) 
2.5x10" (±11%) 
Changes in the short-range covariances for the flux will affect the 
stiffness of the input spectrum. Values for this term were varied from 
three to twenty energy groups. As stated previously, the larger the 
value, the stiffer the spectral shape. Table 16 lists the group fluxes 
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for the covarlance test. No differences are noticeable above statistical 
variations. A plot of the spectrum showed no difference in the four 
covariances tested. The input spectrum does not affect the output 
greatly unless sharp peaks are put into the input flux. This is evident 
in Figure 27 where a peak was deliberately placed In the input flux for 
irradiation 7-3-3. While the chi-square value showed a good fit, the 
activities would have no way of knowing that a peak existed in the high-
energy region because of limited new reactions in this region. In cases 
where the data were just too far off in a specific region, the fit of the 
code would indicate this and the region could be decreased or increased 
in the input spectrum. Another exanqple of how the cods calculates the 
best fit was for tube 4 in all irradiations. The enhancement was not 
expected in advance and therefore not placed in the input flux. Based on 
the activities and cross sections, the enhancement was calculated. 
Table 16. Group energy fluxes for covarlance sensitivity tests for 
irradiation 5-1-3. The effect of varying the short-range 
covariance was tested for three, seven, twelve, and twenty 
energy groups 
Energy Covarlance 3 Covariance 7 Covariance 12 Covarlance 20 
n/cm -s-mA n/cm^ -s-mA n/cm -s-mA n/cm -s-mA 
<0.1 1.0xl0"{±15%) 9.8xl0"(±15%) 9.6X10"(±15%) 1.Oxio"(±14%) 
0.1-1.0 l.lxl0"(± 9%) 1.0xl0"(± 8%) 1.0X10 ,(± 6%) l.lxlO"(± 9%) 
1.0-10.0 3.7x10" (± 9%) 3.6x10" (± 9%) 3.5X10"(± 8%) 3.7xl0i2(± 9%) 
10-20 2.3x10" (±14%) 2.3x10" (±14%) 2.2X10" (±12%) 2.3xlO" (±14%) 
20-40 3.6x10" (±19%) 3.6xl0" (±17%) 3.5X10" (±15%) 3.6xl0" (±19%) 
40-100 4.1x10"(±18%) 4.0x10" (±20%) 4.IxlO" (±19%) 4.1xl0" (±18%) 
100-200 3.3x10" (±24%) 3.3xl0"(±28%) 3.3xl0" (±25%) 3.3xl0" (±24%) 
>200 4.7xl0"(±18%) 5.0x10,, (±19%) S.OxlO" (±18%) 4.7xl0"(±18%) 
Total 2.6x10"(± 7%) 2.6xl0"(± 7%) 2.5xlO"(± 6%) 2.6x10"(±13%) 
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Figure 27. Comparison of the differential, output neutron spectrum for Irradiation 
7-3-3 testing the effect of the input spectrum. The solid line is the 
original output spectrum. The dotted line shows the output spectrum after 
a sharp peak was placed in the input spectrum. 
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V. COMPARISON OF CALCULATED AND MEASURED SPECTRA 
The measured neutron spectrum for Irradiation 5-1-3 was coiqpared to 
the calculated spectrum. Irradiation 5-1-3 had the most conqplete IP 
target loading for irradiations in neutron irradiation port two but was 
not identical to the loading used in the HETC/MCNP calculation. 
Additional Monte Carlo calculations with different IP target loadings 
will help evaluate this effect. Table 17 compares the two loadings. 
Table 17. IP target loading for the HETC/MCNP calculation and irradiation 
5-1-3 
Target HETC/MCNP Irradiation 5-1-3 
1 empty empty 
2 ZnO ZnO 
3 Mo CsCl 
4 RbBr CsCl 
5 Csl MnCl 
6 NaCl Mo 
7 Mo empty 
8 Si In 
9 RbBr empty 
Figure 28 shows neutron flux per unit lethargy comparing the measured and 
calculated spectra. The solid line is the measured spectrum and the 
dotted line is the HETC/MCNP calculated spectrum. The fluxes are in good 
agreement above 10 keV. Below 10 keV, the measured flux is lower than 
the calculated flux. The reason for the large discrepancy below 0.1 eV 
is MCNP's method of tallying. As stated in Section III.B, neutrons that 
reach the cutoff energy of 0.1 eV are not transported. This has the 
effect of placing all neutrons with energies equal to or less than 0.1 eV 
in a single energy bin. The energy groups for STAY'SL starts at 10"^ ° 
MeV. The flux and spectrum at LASREF were compared to EBR-II [567] and 
RTNS-II [56]. Figure 29 shows the neutron flux per unit lethargy for the 
two facilities. The high-energy tail from spallation neutrons and 
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Figure 29. Neutron flux per unit lethargy for LASREF, 
EBR-II, and RTNS-II [44] 
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the 14 MeV neutrons are evident for LASREF and RTNS-II, respectively. 
The total neutron fluxes.for all energies at LASREF, BBR-II, and RTNS-II 
are 5.5x10^ ,^ 1.7x10^ ®, and 3x10^  ^n/cm^ -s, respectively. 
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VI. RADIATION DAMAGE CALCULATION 
As shown in Section V, the neutron flux and spectra are different at 
EBR-II and RTNS-II compared to LASREF, especially due to the neutron 
high-energy tail from spallation. The last objective of this research 
was to determine the relative effect of the varying spectra and fluxes on 
radiation damage parameters. 
Radiation damage calculations were performed for copper irradiated in 
the LASREF spallation environment using the measured differential flux. 
The radiation damage parameters were then conpared with those calculated 
for EBR-II and RTNS-II. The results show that the high energy tail 
contributes significantly to displacement and helium production rates. 
A. Spallation Radiation Damage 
Radiation damage experiments have been performed for 0.5-MeV (average 
energy) fission-reactor neutrons, ions and electrons with energies below 
about 10 MeV, and 14-MeV neutrons at RTNS-II. Two computer codes, 
SPECTER [40] and VNMTC [18] were used to calculate the displacement and 
helium production cross sections. 
B. SPECTER 
SPECTER employs the DISCS code [42] to calculate recoil atom 
distributions for elastic scattering, inelastic scattering, (n,xn), 
(n,px), and (n,ax) reactions using neutron cross sections and angular 
distributions from the ENDF/B-V file. Displacement damage energies are 
then determined to partition the recoil energy into electronic and 
nuclear processes. Secondary displacements are determined using an 
average displacement energy for each element. DISCS was used to generate 
a library of displacement cross sections and recoil distributions at 100 
discrete energies, up to 20 MeV. SPECTER averages the displacement cross 
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section over the spectrum. Helium gas production Is confuted using the 
ENDF/B-V Gas Production Data File, which Is also contained In SPECTER. 
C. VNMTC 
VNMTC was used to calculate the radiation damage parameters for the 
high-energy spallation neutrons. VNMTC was developed by C. A. Coulter. 
Coulter calculated the radiation damage parameters for 600-MeV protons on 
copper using an earlier version of VNMTC. VEGAS [57] Is used to 
calculate the Intra-nuclear cascades. The OFF [58] evaporation model Is 
used Instead of Guthrie's evaporation model which was used In HETC. As 
stated for SPECTER, the recoil energy Is partitioned between the nuclear 
and electron systems according to the Llndhard model [42] in VNMTC. 
D. Results and Discussion 
The results in this Section were published in Reference 44. The 
displacement cross sections for copper is shown in Figure 30. A 
threshold displacement energy of 30 eV was used for SPECTER and VNMTC. 
As with SPECTER, the displacement cross sections were calculated using 
VNMTC for discrete energies. As shown, the cross sections from SPECTER 
and VNMTC are not equal at 20 to 30 MeV. The VNMTC code does not keep 
track of energy transfers due to elastic neutron scattering, whereas 
SPECTER does. VNMTC has cutoff energies below which the neutrons and 
protons are no longer transported (although the radiation damage effect 
of the protons is recorded) [44]. The cutoff energy was set here at 15 
MeV for neutrons and protons. 
The products of the displacement cross sections and the differential 
neutron fluxes give the differential displacement production rates. The 
result is shown in Figure 31 for the LASREF, EBR-II and RTNS-Il. The 
total displacement production rate for LASREF neutrons is about 
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Figure 30. Calculated displacement cross sections for copper using SPECTER and 
VNMTC [44] 
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Figure 31. Displacement production rates for copper at LASREF, EBR-II, and 
RTNS-II [44] 
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4xl0~^ dlsplacenients per atom (dpa)/a, of which 26% Is produced by neutrons 
above 20 MeV. The displacement production rates for EBR-II and RTNS-II 
are about 9xl0~^  and lxlO~^  dpa/s, (Table 18). Secondary protons 
contribute about 6% of the dpa's produced by spallation neutrons. 
Table 18. Spectral-averaged radiation damage parameters for LASREF, EBR-
II, and RTNS-II 
liASREF EBR-II RTNS-II 
•total' 10 n/cm^ -s 5.5 170 0.3 
Og, keV-barn 54 41 300 
Od, barn 720 540 4010 
Kj, 10"; dpa/s 4 92 1,2 
Oo, 10"; barn 13 0.037 52 
Kg, 10 appm He/s 7 0.6 1.6 
Kg/Kj, appm He/dpa 18 0.07 13 
Helium production Is Important In characterizing the radiation damage 
parameters for a facility. Figure 32 shows the helium production cross 
sections for energies lower than 20 MeV using data in the ENDF/B-V file 
and for higher energies using VNMTC. The differential helium production 
rate is shown In Figure 33 for LASREF, EBR-II, and RTNS-II, The total 
helium production rates are listed in Table 18. For LASREF, the value is 
about 7x10"^  atomic parts per million (appm) He/s, of which 95% is 
produced by neutrons above 20 MeV. This compares to 0.6x10"^  and 1.6x10"^  
appm He/s for EBR-II and RTNS-II, respectively. The ratios of helium to 
displacement rates are about 18, 0.07, 13 appm He/dpa for LAMFF, EBR-II, 
and RTNS-II, respectively. 
The displacement rate for copper Irradiated by LASREF 750-MeV protons 
was 6.3x10"^  dpa/s. The helium production rate was 6.6x10"® appm He/s. 
This gives a ratio of 103 appm He/dpa. In addition to the helium 
produced, a wide range of spallation recoil nuclei, with mass lower than 
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Figure 32. Calculated helium production cross sections for copper using ENDF/V-B 
and VNMTC [44] 
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Figure 33. Helium production rates for copper at LASREF, EBR-II, and RTNS-II [44] 
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copper, are produced. The production cross section for all spallation 
nuclei Is about one barn as compared to 0.55 barn for helium. 
For LASREF, significant contributions to the displacement and helium 
production rates are due to spallation events from neutrons In the 
high-energy tall (above about 20 MeV). Still higher production rates are 
calculated for copper bombarded by the direct proton beam In any of the 
proton irradiation ports and the IP stringers. 
Additional calculations using VNMTC are not possible at LAMPF without 
modifying the code. VMMTC was run on the CDC 7600 at Los Alamos. The 
CDC 7600's are no longer in use and the code was not modified to run on 
the CRAY-1 computers. 
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VII. SUMMARY AND RECOMMENDATIONS 
Monte Carlo calculations and the irradiation of dosimetry foils in 
the "rabbit" system successfully characterized the neutron flux and 
spectrum in neutron irradiation locations two and six and the proton flux 
in IP target five. The following summarizes the results. 
The maximum neutron flux outside the IP targets was calculated as 
6.0x10^  ^n/cm^ -s. The measured flux in the same location was 5.5x10^  ^
n/cm^ -s. 
Enhancement of the neutron flux in the 24-keV region was measured in 
tube 4 (36 cm off beam centerline) due to the transmission window in 
iron. The total neutron flux was 2-4 times higher in tube 4 than 
tube 3 (25 cm off beam centerline). 
The high energy tail (En>200 MeV) was lower in neutron irradiation 
port six (next to the beam stop) than neutron irradiation port 2 
(next to the IP targets) due to degradation of the beam in the IP 
targets. The total neutron flux was 25% higher in port 2 than port 
6 .  
Measurements showed that the neutron flux was uniform, within 
statistical limits, within 12.7 cm above and below beam centerline. 
Measurements showed that the IP target loading affects both the total 
neutron flux and spectrum. The total neutron flux was a factor of 
two higher in tubes 1 and 2 for irradiation 6 (no IP targets in the 
beam) than irradiation 7 (six IP targets in the beam). The total 
neutron flux was the same in tube 3 for irradiations 6 and 7 due to 
forward scattering. The high energy tail was lower for irradiation 7 
than irradiation 6 due to degradation of the beam in the IP targets. 
The IP target loading should be followed during irradiation of 
experiments in the neutron irradiation ports. 
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To determine the total neutron flux and spectrum during an 
irradiation, a modified dosimetry package should be irradiated with 
each experiment at LASREF. Because of the volume of experiments 
expected to be irradiated at LASREF, the number of foils in the 
dosimetry package will be decreased from 12 to 4 to reduce the 
analysis time. The idea is to chose as few foils as possible that 
would allow measurement of the flux and energy spectrum at LASREF. 
Based on threshold reactions, activation cross sections, ease of 
preparation, radiation dose at end of irradiation, and melting 
temperatures, iron (gadolinium wrapped and bare), nickel, cobalt, and 
copper foils are recommended. Copper spallation reactions can be 
analyzed to determine the high-energy tail. ®®Fe(p,n)®®Co and 
Cu(p,n)^ Z^n reactions can be analyzed to determine the secondary 
proton flux. 
A total proton flux of 4.4x10^  ^p*/cm^ -s was measured in IP target 
five. 
The "rabbit" system can be used in the future for measurement of 
neutron cross sections and irradiation of small samples, such as 
transmission electron microscopy samples. To continue the 
characterization, high-energy spallation cross sections can be measured 
to extend the activation cross section database and additional 
measurements made in the remaining neutron ports. 
97 
VIII. REFERENCES 
1. B. S. Shen, In Spallation Nuclear Reactions and Their Applications. 
(D. Reidel Publishing Company, Boston, 1976) p. 1-8. 
2. R. Berber, "Nuclear Reactions at Higher Energies," Phys. Rev. 72. 
1114-1115 (1947). 
3. H. W. Bertlni, "Low-Energy Intranuclear Cascade Calculation," Phys. 
Rev. 131. No. 4, 1801-1821 (1963). 
4. H. W. Bertlni, "Secondary Particle Spectra from the Interaction of 
30- to 340-MeV Protons on Coirçlex Nuclei: Experimental Data and 
Comparison with Theory," Phys. Rev. 162. No. 4, 976-982 (1967). 
5. H. W. Bertlni, and M. P. Guthrie, "Results from Medium-Energy 
Intranuclear-Cascade Calculation," Nuclear Physics A169. 670-672 
(1971). 
6. H. W. Bertlni, "Nonelastic Interactions of Nucléons and Pi Mesons 
with Con^ lex Nuclei at Energies Below 3 GeV," Oak Ridge National 
Laboratory Report ORNL-TM-3148 (1972). 
7. G. J. Mathews, B. G. Glagola, R. A. Moyle, and V. E. Viola, Jr., 
"Inclusion of Deuteron and Alpha-particle Collisions in 
Intranuclear Cascade Calculations," Phys. Rev. C25. No. 5, 2181-
2195 (1982). 
8. T. W. Armstrong and R. G. Alsmiller, Jr., "An Approximate Density-
Effect Correction for the Ionization Loss of Charged Particles," 
Nucl. Instr. Methods B2, 289-290 (1970). 
9. C. D. Zerby, R. B. Curtis, and H. W. Bertlni, Internal memo, Oak 
Ridge National Laboratory (1961). 
10. H. W. Bertlni, "Reaction Cross Sections for 30- to 60-MeV Protons 
on Various Elements: Comparison of Theoretical Results with 
Experiment," Phys. Rev. C5. No. 6, 2118-2119 (1972). 
11. H. W. Bertlni, "Comparison of Calculated Radiochemical Cross 
Sections with Experimental Results for Incident Protons and 
Mesons in the 50- to 400-MeV Region : Effect of Varying a Few 
Nuclear Parameters in the Calculations," Phys. Rev. 171. No. 4, 
1261-1266 (1968). 
12. C. J. Orth, H. A. O'Brien, Jr., M. E. Schillaci, B. J. Dropesky, J. 
E. Cline, E. B. Nieschmidt, and R. L. Brodzlnski, "Inter-laboratory 
Comparison of Spallatlon-Reaction Cross Sections for Iron and 
Copper with 590-MeV Protons," J. Inorg. Nucl. Chem. 38. 13-17 
(1976). 
13. S. B. Kaufman and E. P. Steinberg, "Cross Section Measurements of 
Nuclides Formed by the Reaction of 0.20 to 6.0-GeV Protons with 
"•'au," Phys. Rev. C22. No. 1, 167-178 (1980). 
14. J. W. Wachter, W. A. Gibson, and W. R. Burrus, "Neutron and Proton 
Spectra from Targets Bombarded by 450-MeV Protons," Phys. Rev. Ç6, 
No. 5, 1496-1508 (1972). 
98 
15. A. Galonsky, R. R. Doering, D. M. Patterson, and H. W. Bertini, 
"Comparison of Measured Neutron Spectra with Predictions of an 
Intranuclear-Cascade Model," Phys. Rev. C14, No. 2, 748-752 (1976). 
16. H. R. Heydegger, C. K. Garrett, and A. Van Ginneken, "Thin-Target 
Cross Sections for Some Cr, Mn, Fe, Co, Ni, and Zn Nuclides 
Produced in Copper by 82- to 416-MeV Protons," Phys. Rev. Ç6, No. 
4, 1235-1240 (1972). 
17. R. G. Korteling and A. A Caretto, Jr., "Energy Dependence of ^ N^a 
and Na Production Cross Sections with 100- to 400-MeV Protons," 
Phys. Rev. Ç1, No. 6, 1960-1971 (1972). 
18. W. A. Coleman and T. W. Armstrong, "The Nucleon-Meson Transport 
Code NMTC," Oak Ridge National Laboratory Report ORNL-4606 (1970). 
19. M. P. Guthrie, "EVAP-4: Another Modification of a Code to 
Calculate Particle Evaporation from Excited Compound Nuclei," Oak 
Ridge National Laboratory report ORNL-TM-3119 (1970). 
20. K. C. Chandler and T. W. Armstrong, "Operating Instructions for the 
High-Energy Nucleon-Meson Transport Code HETC," Oak Ridge National 
Laboratory Report ORNL-4744 (1972) . 
21. R. E. Prael, "HETC Manual," Los Alamos National Laboratory, (1983) 
(unpublished). 
22. R. E. Prael and H. Lichtenstein, "User Guide to the HETC Code 
System," Los Alamos National Laboratory, (1986) (unpublished). 
23. Los Alamos Monte Carlo Group, "MCNP - A General Purpose Monte Carlo 
Code for Neutron and Photon Transport, Version 28," Los Alamos 
National Laboratory report LA-7396-M (1981) . 
24. D. R. Davidson, W. F. Sommer, J. N. Bradbury, R. E. Prael, and R. 
C. Little, "Characterization of the Radiation Environment at a New 
Proposed Irradiation Facility at LAMPF," J. Nucl. Matls. 123, 989-
994 (1984). See also Los Alamos National Laboratory Report 
LA-UR-83-33 (1983). 
25. D. L. Smith and J. W. Meadows, "Response of Several Threshold 
Reactions in Reference Fission Neutron Fields," Argonne National 
Laboratory Report ANL/NDM-13 (1975). 
26. B. P. Bayhurst, J. S. Gilmore, R. J. Prestwood, J. B. Wilhelmy, N. 
Jarmie, B. H. Erkkila and R. A. Hardekopf, Phys. Rev. C12, 451 
(1975). 
27. L. R. Greenwood, R. R. Heinrich, M. J. Saltmarsh, and C. B. Fulmer, 
"Integral Tests on Neutron Activation Cross Sections in a Be-9(d,n) 
Field at E(d) = 40 MeV," Nucl. Sci. and Eng. 72, 175-190 (1979). 
28. L. R. Greenwood, "Extrapolated Neutron Activation Cross Sections 
for Dosimetry to 44 MeV," Argonne National Laboratory Report ANL-
FPP/TM-115 (1979). 
29. F. G. Perey, "Least Squares Dosimetry Unfolding: The Program 
STAY'SL," Oak Ridge National Laboratory Report ORNL-TM-6062 (1977). 
99 
30. L. R. Greenwood, R. R. Heinrich, R. J. Kennerley and R. 
Medrzychowaki, "Development and Testing of Neutron Dosimetry 
Techniques for Accelerator-Based Irradiation Facilities," Nucl. 
Technol. 41, 109-128 (1978). 
31. L. R. Greenwood and R. J. popek, "Methods of Neutron and Proton 
Dosimetry at Spallation Sources," ICANS-VI International 
Collaboration on Advanced Neutron Sources, Argonne National 
Laboratory (1982). 
32. L. R. Greenwood and A. Intasorn, "Neutron Spectral and Angular 
Distribution Measurements for 113- and 256-MeV Protons on Range-
Thick A1 and Targets Using the Foil Activation Technique," 
Argonne National Laboratory Report ANL/NPBTS-TR-023 (1989). 
33. M. A. Kirk, R. C. Birtcher, T. H. Blewitt, L. R. Greenwood, R. J. 
Popek, and R. R. Heinrich, "Measurements of Neutron Spectra and 
Fluxes at Spallation Neutron Sources and their Application to 
Radiation Effects Research," J. Nucl. Matls. 96. 37-50 (1981). 
34. R. D. Brown and C. F. Hansen, "Experimental Estimate of Neutron 
Flux at REF Stringer 2," Internal memo, Los Alamos National 
Laboratory (1979). 
35. D. W. Barr and J. S. Gilmore, Neutron Dosimetry at LAMPF Radiation 
Effects Facility," Internal memo, Los Alamos National Laboratory 
(1979). 
36. R. Dierckx, A. Cesana, S. Colangelo, F. Grassi, and M. Terrani, 
"Dosimetry for a Radiation Damage Experiment in a Spallation 
Neutron Spectrum," "Fusion Technology and Safety," Technical Note 
No. 1.07.B1.86.67 (1986). 
37. D. R. Davidson, L. R. Greenwood, R. C. Reedy, and W. F. Sommer, 
"Measured Radiation Environment at the Clinton P. Anderson Los 
Alamos Meson Physics Facility (LAMPF) Irradiation Facility," 12th 
International Syn^ osium, ASTM STP 870. Vol. II. (American Society 
for Testing and Materials, Philadelphia, PA, 1985), pp. 1199-1208. 
See also Los Alamos National Laboratory Report LA-UR-84-1050 
(1984) . 
38. D. R. Davidson, R. C. Reedy, L. R. Greenwood, W. F. Sommer, and M. 
S. Wechsler, "Additional Measurements of the Radiation Environment 
at the Los Alamos Spallation Radiation Effects Facility at LAMPF," 
13th International Symposium, ASTM STP 956. (American Society for 
Testing and Materials, Philadelphia, PA, 1987) pp. 730-740. 
39. F. A. Nichols, "How Does One Predict and Measure Radiation Damage," 
Nucl. Technol. 40 98-105 (1978). 
40. L. R. Greenwood and R. K. Smither, SPECTER: Neutron Damage 
Calculations for Material Irradiations," Argonne National 
Laboratory Report ANL/FPP/TM-197, 1985. 
41. L. R. Greenwood, R. J. Popek, R. R. Heinrich, M. A. Kirk, R. C. 
Birtcher and T. H. Blewitt, "Measurements of Neutron Spectra and 
Fluxes at Spallation-Neutron Sources and Their Application to 
Radiation Effects Research," J. Nucl. Matls. 96, 37 (1981). 
100 
42. G. R. Odette and D. R. Dorian, "Neutron-Energy-Dependent Defect 
Production Cross Sections for Fission and Fusion Applications," 
Nucl. Technol. 29 346-368 (1976). 
43. C. A. Coulter, D. M. Parkin, and W, V. Green, "Damage Energy 
Functions in Polyatomic Materials," J. Nucl. Matls. 67. 249-260 
(1977) . 
44. M. S. Wechsler, D. R. Davidson, L. R. Greenwood, and W. F. Sommer, 
"Calculation of Displacement and Helium Production at the Clinton 
P. Anderson Los Alamos Meson Physics Facility (LAMPF) Irradiation 
Facility," 12th International Symposium, ASTM STP 870, Vol. II. 
(American Society for Testing and Materials, Philadelphia, PA, 
1985), pp. 1189-1198. 
45. R. G. Alsmiller, in Spallation Nuclear Reactions and Their 
Applications (D. Reidel Publishing Company, Boston, 1976) p. 139-
167. 
46. R. Hofstadter, "Electron Scattering and Nuclear Structure," Rev. of 
Modern Phys. 28. No. 3, 214-254 (1956). 
47. H. R. Collard, L. R. B. Elton, and R. Hofstadter, "Nuclear Radii", 
Landolt-Bornstein, Numerical Data and Functional Relationships in 
Science and Technology (Springer-Verlag, Berlin, 1967) p. 2A. 
48. ENDF/B-V Dosimetry File, Brookhaven National Laboratory report BNL-
NCS-50446 (1975). 
49. R. Kinsey, Compiler, "ENDF-201 ENDF/B Summary Documentation," 
Brookhaven National Laboratory report BNL-NCS-17541 (ENDF 201) 3rd 
edition (ENDF/B-V) (1979). 
50. G. F. Knoll, Radiation Detection and Measurement (John Wiley & 
Sons, New York, 1989) pp. 704-708. 
51. S. Glasstone and A. Sesonske, Nuclear Reactor Engineering (Van 
Nostrand Reinhold Company, New York, 1981) p. 782. 
52. R. Gunnick and J. B. Niday, "Computerized Quantitative Analysis by 
Gamma Ray Spectrometry. Vol. 1 Description of the GAMANAL Program," 
University of California report UCRL-51061 Lawrence Livermore 
Laboratory . (Modified by Los Alamos National Laboratory, Los 
Alamos, NM 87545). 
53. R. Reedy, personal communication, Los Alamos National Laboratory, 
1985. 
54. L. R. Greenwood, personal communication, Argonne National 
Laboratory, 1985. 
55. J. J. Dongarra, C. B. Moler, J. R. Bunch, and G. W. Stewart, 
LINPACK User's Guide (Siam, Philadelphia, 1979). 
56. L. R. Greenwood, "Neutron Source Characterization and Radiation 
Damage Calculations for Material Studies," J. Nucl. Matls., 108. 
21-27 (1982). 
101 
57. K. Chen, Z. Fraenkel, G. Frledlander, Phys. Rev. 116, 949-967 
(1959). 
58. I. Dostrovsky, Z. Fraenkel, and G. Frledlander, Phys. Rev. 116. 
683-702 (1959). 
102 
IX. ACKNOWLEDGEMENTS 
I especially want to thank my husband, Craig, and our families for 
their continued support. I would also like to thank the following for 
their assistance: my committee, especially Professor Monroe S. Wechsler, 
LAMPF personnel, especially Walter F. Sommer, Richard E. Prael for 
assisting with the HBTC calculation, Lawrence R. Greenwood for providing 
the spectrum unfolding programs and his assistance with running them, 
Robert C. Reedy for analyzing the foils, and Paula D. Sundby and Linda K. 
Holley for helping format the dissertation. 
103 
X. APPENDIX A. INPUT PILE FOR HETC 
PROGRAM HETC 11/07/8212:20:56 
1 
2 
3 
4 
5 
6 
7 
LAMPF A-6; 5.0-CM DIAM UNIFORM BEAM STOP; 760 MEV 
TARGETS ALONG BEAM LINE; FE SHIELDING 
15000,1,18/ 
8 0.0,20/26,54,0.003269/26,56,0.051741/26,57,0.001184/ 
9 26,58,0.000169/24,50,0.000684/24,52,0.013184/24,53, 
10 0.001495/24,54,0.000371/28,58,0.006744/28,60,0.002591/ 
11 28,61,0.000130/28,62,0.000376/42,92,0.000275/ 
12 42,95,0.000289/42,96,0.000301/42,98,0.000392/ 
13 25,55,0.001752/14,28,0.001608/14,29,0.000107/ 
14 6,12,0.000401/ 
15 0.0,15/28,58,0.044211/28,60,0.016895/28,61,0.000712/ 
16 28,62,0.00233/28,64,0.000058/29,63,0.002682/ 
17 29,65,0.001196/24,50,0.000062/24,52,0.001192/ 
18 24,53,0.000135/24,54,0.000034/26,54,0.000845/ 
19 26,56,0.013380/26,57,0.000306/26,58,0.000044/ 
20 0.0,4/74,182,0.016663/74,183,0.009016/74,184,0.019336/ 
21 74,186,0.018031/ 
22 0.0,20/28,58,0.026814/28,60,0.010679/28,62,0.001413/28, 
23 64,0.000353/27,59,0.026062/24,52,0.013777/ 
24 24,53,0.000991/13,27,0.006075/42,92,0.000386/ 
25 42,96,0.000522/42,98,0.000540/42,100,0.000154/ 
26 6,12,0.000555/25,55,0.000075/14,28,0.000442/ 
27 14,30,0.000014/22,46,0.000361/22,48,0.0017334/ 
28 22,49,0.000243/28,64,0.000353/ 
29 0.0,1/2,4,0.000025/ 
30 0.0,20/26,54,0.004123/26,56,0.065260/26,57,0.001493/ 
31 26,58,0.000213/24,50,0.000471/24,52,0.009074/ 
32 24,53,0.001029/24,54,0.000256/28,58,0.000284/ 
33 28,60,0.000116/25,55,0.000427/14,28,0.000669/ 
34 23,51,0.000276/6,12,0.000782/74,184,0.000065/ 
35 74,186,0.000063/42,92,0.000107/42,95,0.000113/ 
36 42,96,0.000117/42,98,0.000153/ 
37 0.0,19/26,54,0.003871/26,56,0.061266/26,57,0.001402/ 
38 26,58,0.000200/24,50,0.000755/24,52,0.014551/ 
39 24,53,0.001615/24,54,0.00041/28,58,0.005255/ 
40 28,60,0.002008/28,61,0.000085/28,62,0.000277/ 
41 28,64,0.000069/25,55,0.000173/14,28,0.001561/ 
42 14,29,0.000079/14,30,0.000053/6,12,0.000313/ 
43 6,13,0.000004/ 
44 0.035591,3/8,16,0.035419/8,17,0.000014/8,18,0.000072/ 
45 0.0,8/30,64,0.020138/30,66,0.011561/30,67,0.001699/ 
46 30,68,0.007790/30,70,0.000257/8,16,0.041335/ 
47 8,17,0.000016/8,18,0.000085/ 
48 0.0,7/42,92,0.009487/42,94,0.005961/42,95,0.010192/42, 
49 96,0.010705/42,97,0.006154/42,98,0.015448/ 
50 42,100,0.006154/ 
51 0.0,4/37,85,0.008796/37,87,0.003392/35,81,0.006179/35, 
52 79,0.006010/ 
53 0.0,2/55,133,0.010488/53,127,0.010488/ 
54 0.0,3/11,23,0.008823/17,35,0.010326/17,37,0.003302/ 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
6 6  
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
8 6  
87 
8 8  
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
104 
0.0,3/14,28,0.046045/14,29,0.002331/14,30,0.001548/ 
0.0,2/29,63,0.058769/29,65,0.026157/ 
0.001697,2/8,16,0.000849/13,27,0.05534/ 
0.00000000024,5/7,14,0.000042/7,15,0.0000002/ 
8,16,0.000011/6,12,0.000000009/18,40,0.0000003/ 
0.0,4/26,54,0.002924/26,56,0.046282/26,57,0.001059/26, 
58,0.000151/ 
1 0 1-6 -88 
2 2 0.081985 2 -3 -90 89 
3 3 0.063046 4 -12 89 -91 
4 0 1 -589 -98 #2 #3 
5 1 0.087063 1 -5 88 -89 
6 17 0.080427 5 -7 89 -92 
7 17 0.080427 5 -7 92 -93 
8 17 0.080427 5 -7 93 -94 
9 17 0.080427 5 -7 94 -95 
10 17 0.080427 5 -7 95 -96 
11 17 0.080427 5 -7 96 -97 
12 17 0.080427 5 -7 97 -98 
13 17 0.050416 7 -18 89 -112 
14 5 0.000025 9 -10 -99 
15 1 0.087063 (-9:10:99) (8 -11 -100) 
16 6 0.085091 14 -15 -101 
17 6 0.085091 16 -17 -101 
18 1 0.087063 5 -7 88 -89 
19 16 0.0000054 7 -22 -88 #14 #15 #16 #17 
20 16 0.0000054 19 -20 88 -104 
21 17 0.050416 18 -21 105 -106 
22 17 0.050416 18 -21 106 -107 
23 17 0.050416 18 -21 107 -108 
24 17 0.050416 18 -21 108 -109 
25 17 0.050416 18 -21 109 -110 
26 17 0.050416 18 -21 110 -111 
27 17 0.050416 18 -21 111 -112 
28 4 0.091543 6 -7 -88 
29 1 0.087063 (7 -19 88 -89):(18 -19 88 -105);(20 -21 
88 -105):(18 -21 104 -105);(20 -27 88 -89) 
30 17 0.050416 21 -27 89 -112 
31 1 0.087063 22 -23 -88 
32 7 0.12137c 23 -24 -88 
33 8 0.071096 24 -25 -88 
34 7 0.121370 25 -26 -88 
35 1 0.087063 26 -27 -88 
36 15 0.057886 (114:31;-28) (-88 27 -32) 
37 14 0.087063 (113:30;-29) (-114 28 -31) 
38 0 -113 29 -30 
39 15 0.057886 (114;36:-33) (-88 32 -37) 
40 14 0.084926 (113:35:-34) (-114 33 -36) 
41 0 -113 34 -35 
42 15 0.057886 (114:41:-38) (-88 37 -42) 
43 14 0.084926 (113:40:-39) (-114 38 -41) 
44 9 0.064101 -113 39 -40 
45 16 0.0000054 -88 42 -43 
46 15 0.057886 (114:47:-44) (-88 -48 43) 
47 14 0.084926 (113:46:-45) (-114 44 -47) 
48 10 0.024377 -113 45 -46 
49 15 0.057886 (114:52:-49) (-88 48 -•53) 
50 14 0.084926 (113:51:-50) (-114 49 -52) 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
105 
51 11 0.020976 -113 50 -51 
52 15 0.057886 (114:57:-54) (-88 53 -•58) 
53 14 0.C84926 (113:56:-55) (-114 54 -57) 
54 12 0.022451 -113 55 -56 
55 16 0.0000054 -88 58 -59 
56 15 0.057886 (114:63:-60) (-88 59 -64) 
57 14 0.084926 (113;62:-61) (-114 60 -63) 
58 9 0.064101 -113 61 -62 
59 15 0.057886 (114:68:-65) (-88 64 -•69) 
60 14 0.084926 (113;67:-6C) (-114 65 -68) 
61 13 0.049924 -113 66 -67 
62 15 0.057886 (114:73:-70) (-88 -74 69) 
63 14 0.084926 (113:72:-71) (-114 70 -73) 
64 10 0.024377 -113 71 -72 
65 16 0.0000054 -88 74 -75 
66 4 0.091543 -88 75 -77 
67 14 0.084926 -88 77 -78 
68 14 0.084926 -88 78 -79 
69 14 0.084926 -88 79 -80 
70 14 0.084926 -88 80 -81 
71 14 0.084926 -88 81 -82 
72 14 0.084926 -88 82 -83 
73 14 3.12 1926 -88 83 -84 
74 14 0.0t^ ''26 -88 84 -85 
75 17 0.050416 86 -87 -112 
76 1 0.087063 27 -42 88 -89 
77 1 0.087063 27 -42 89 -115 
78 1 0.087063 27 -42 115 -116 
79 1 0.087063 27 -42 116 -117 
80 1 0.087063 27 -42 117 -118 
81 1 0.087063 27 -42 118 -119 
82 1 0.087063 27 -42 119 -120 
83 17 0.050416 27 -42 120 -112 
84 1 0.087063 42 -51 88 -89 -
85 1 0.087063 42 -51 89 -115 
86 1 0.087063 42 -51 115 -116 
87 1 0.087063 42 -51 116 -117 
88 1 0.087063 42 -51 117 -118 
89 1 0.087063 42 -51 118 -119 
90 1 0.087063 42 -51 119 -120 
91 17 0.050416 42 -51 120 -112 
92 1 0.087063 51 -59 88 -89 -
93 1 0.087063 51 -59 89 -115 
94 1 0.087063 51 -59 115 -116 
95 1 0.087063 51 -59 116 -117 
96 1 0.087063 51 -59 117 -118 
97 1 0.087063 51 -59 118 -119 
98 1 0.087063 51 -59 119 -120 
99 17 0.050416 51 -59 120 -lt2 
100 1 0.087063 59 -75 88 -89 -
101 1 0.087063 59 -64 89 -115 
102 1 0.087063 59 -64 115 -116 
103 1 0.087063 59 -64 116 -117 
104 1 0.087063 59 -64 117 -118 
105 1 0.087063 59 -64 118 -119 
106 1 0.087063 59 -64 119 -120 
107 17 0.050416 59 -75 -112 120 
108 1 0.087063 75 -79 88 -89 -
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
106 
109 1 0 .087063 75 -79 89 -121 
110 1 0 .087063 75 -79 121 -122 
111 1 0 .087063 75 -79 122 -123 
112 1 0 .087063 75 -79 123 -124 
113 1 0 .087063 75 -79 124 -125 
114 1 0 .087063 75 -79 125 -126 
115 17 0.050416 ; 75 -79 1 126 -112 
116 1 0 .087063 79 -81 88 -89 -
117 1 0 .087063 79 -81 89 -121 
118 1 0 .087063 79 -81 121 -122 
119 1 0 .087063 79 -81 122 -123 
120 1 0 .087063 79 -81 123 -124 
121 1 0 .087063 79 -81 124 -125 
122 1 0 .087063 79 -81 125 -126 
123 17 0.050416 ; 79 -81 . 126 -112 
124 1 0 .087063 81 -83 88 -89 
125 1 0 .087063 81 -83 89 -121 
126 1 0 .087063 81 -83 121 -122 
127 1 0 .087063 81 -83 122 -123 
128 1 0 .087063 81 -83 123 -124 
129 1 0 .087063 81 -83 124 -125 
130 1 0 .087063 81 -83 125 -126 
131 17 0.050416 81 -83 I 126 -112 
132 1 0 .087063 (83 -85 ; 88 -89):(85 
133 1 0 .087063 83 -86 89 -121 
134 1 0 .087063 83 -86 121 -122 
135 1 0 .087063 83 -86 122 -123 
136 1 0 .087063 83 -86 123 -124 
137 1 0 .087063 83 -86 124 -125 
138 1 0 .087063 83 -86 125 -126 
139 17 0.050416 83 —86 ; 126 -112 
140 16 0.0000054 64 -69 -120 89 
141 1 0 .087063 69 -75 89 -115 
142 1 0 .087063 69 -75 115 -116 
143 1 0 .087063 69 -75 116 -117 
144 1 0 .087063 69 -75 117 -118 
145 1 0 .087063 69 -75 118 -119 
146 1 0 .087063 69 -75 119 -120 
147 0 (98:-l) -•7:87:112 
1 PZ 0.00 
2 PZ 4.47 
3 PZ 14.63 
4 PZ 16.66 
5 PZ 27.43 
6 PZ 99.38 
7 PZ 99.86 
8 PZ 117.52 
9 PZ 117.54 
10 PZ 127.65 
11 PZ 127.68 
14 PZ 138.07 
15 PZ 138.71 
16 PZ 152.86 
17 PZ 153.5 
18 PZ 112.48 
19 PZ 113.12 
20 PZ 160.66 
229 21 
230 22 
231 23 
232 24 
233 25 
234 26 
235 27 
236 28 
237 29 
238 30 
239 31 
240 32 
241 33 
242 34 
243 35 
244 36 
245 37 
246 38 
247 39 
248 40 
249 41 
250 42 
251 43 
252 44 
253 45 
254 46 
255 47 
256 48 
257 49 
258 50 
259 51 
260 52 
261 53 
262 54 
263 55 
264 56 
265 57 
266 58 
267 59 
268 60 
269 61 
270 62 
271 63 
272 64 
273 65 
274 66 
275 67 
276 68 
277 69 
278 70 
279 71 
280 72 
281 73 
282 74 
283 75 
284 77 
285 78 
286 79 
PZ 161.29 
PZ 171.15 
PZ 171.43 
PZ 171.67 
PZ 190.24 
PZ 190.52 
PZ 190.75 
PZ 191.34 
PZ 191.87 
PZ 194.63 
PZ 195.17 
PZ 195.75 
PZ 196.34 
PZ 196.87 
PZ 199.63 
PZ 200.17 
PZ 200.75 
PZ 201.34 
PZ 201.87 
PZ 204.63 
PZ 205.17 
PZ 205.75 
PZ 212.69 
PZ 213.28 
PZ 213.81 
PZ 216.57 
PZ 217.11 
PZ 217.69 
PZ 218.28 
PZ 218.81 
PZ 221.57 
PZ 222.11 
PZ 222.69 
PZ 223.28 
PZ 223.81 
PZ 226.57 
PZ 227.11 
PZ 227.69 
PZ 234.63 
PZ 235.22 
PZ 235.75 
PZ 238.51 
PZ 239.05 
PZ 239.63 
PZ 240.22 
PZ 240.75 
PZ 243.51 
PZ 244.05 
PZ 244.63 
PZ 245.22 
PZ 245.75 
PZ 248.51 
PZ 249.05 
PZ 249.63 
PZ 253.44 
PZ 254.39 
PZ 261.89 
PZ 269.39 
287 
288 
289 
290 
291 
292 
293 
294 
295 
296 
297 
298 
299 
300 
301 
302 
303 
304 
305 
306 
307 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
108 
80 PZ 276.89 
81 PZ 284.4 
82 PZ 291.9 
83 PZ 299.4 
84 PZ 306.9 
85 PZ 314.4 
86 PZ 315.04 
87 PZ 365.04 
88 CZ 10.16 
89 CZ 10.8 
90 CZ 21.34 
91 CZ 35.0 
92 CZ 13.3 
93 CZ 15.84 
94 CZ 18.38 
95 CZ 20.92 
96 CZ 23.46 
97 CZ 26.00 
98 CZ 35.5 
99 CZ 6.34 
100 CZ 6.35 
101 CZ 7.5 
104 CZ 33.35 
105 CZ 33.99 
106 CZ 36.53 
107 CZ 39.07 
108 CZ 41.61 
109 CZ 44.15 
110 CZ 46.69 
111 CZ 49.23 
112 CZ 58.96 
113 CZ 2.88 
114 CZ 4.37 
115 CZ 13.34 
116 CZ 15.88 
117 CZ 18.42 
118 CZ 20.96 
119 CZ 23.5 
120 CZ 26.04 
121 CZ 13.32 
122 CZ 15.86 
123 CZ 18.4 
124 CZ 20.94 
125 CZ 23.48 
126 CZ 26.02 
IN 1 : L45R 0 
PRINT 
,760,,0.000001,2.5/ 
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XI. APPENDIX B. INPUT FILE FOR MCNP 
MCNP VERSION 23 08/04/82 N2 Y 11/10/82 10:49:53 
1- A6; TRANSPORT ALL PARTICLES; LATEST GEOM. 
2- 1 0 1-6 -88 
3 - 2  2  0 . 0 8 1 9 8 5  2  - 3  - 9 0  8 9  
4 - 3  3  0 . 0 6 3 0 4 6  4  - 1 2  8 9  - 9 1  
5 - 4  0  1  - 5 8 9  - 9 8  # 2  # 3  
6 - 5  1  0 . 0 8 7 0 6 3  1  - 5  8 8  - 8 9  
7- 6 17 0.080427 5 -7 89 -92 
8- 7 17 0.080427 5 -7 92 -93 
9- 8 17 0.080427 5 -7 93 -94 
10- 9 17 0.080427 5 -7 94 -95 
11- 10 17 0.080427 5 -7 95 -96 
12- 11 17 0.080427 5 -7 96 -97 
13- 12 17 0.080427 5 -7 97 -98 
14- 13 17 0.050416 7 -18 89 -112 
15- 14 5 0.000025 9 -10 -99 
16- 15 1 0.087063 (-9:10:99) (8 -11 -100) 
17- 16 6 0.085091 14 -15 -101 
18- 17 6 0.085091 16 -17 -101 
19- 18 1 0.087063 5 -7 88 -89 
20- 19 16 0.0000054 7 -22 -88 #14 #15 #16 #17 
21- 20 16 0.0000054 19 -20 88 -104 
22- 21 17 0.050416 18 -21 105 -106 
23- 22 17 0.050416 18 -21 106 -107 
24- 23 17 0.050416 18 -21 107 -108 
25- 24 17 0.050416 18 -21 108 -109 
26- 25 17 0.050416 18 -21 109 -110 
27- 26 17 0.050416 18 -21 110 -111 
28- 27 17 0.050416 18 -21 111 -112 
29- 28 4 0.091543 6 -7 -88 
30- 29 1 0.087063 (7 -19 88 -89):(18 -19 88 -105) 
31- -21 88 -105): (18 -21 104 -105):(20 -27 88 
32- 30 17 0.050416 21 -27 89 -112 
33- 31 1 0.087063 22 -23 -88 
34- 32 7 0.12137c 23 -24 -88 
35- 33 8 0.071096 24 -25 -88 
36- 34 7 0.121370 25 -26 -88 
37- 35 1 0.087063 26 -27 -88 
38- 36 15 0.057886 (114:31;-28) (-88 27 -32) 
39- 37 14 0.087063 (113:30:-29) (-114 28 -31) 
40- 38 0 -113 29 -30 
41- 39 15 0.057886 (114:36:-33) (-88 32 -37) 
42- 40 14 0.084926 (113;35:-34) (-114 33 -36) 
43- 41 0 -113 34 -35 
44- 42 15 0.057886 (114:41:-38) (-88 37 -42) 
45- 43 14 0.084926 (113:40:-39) (-114 38 -41) 
46- 44 9 0.064101 -113 39 -40 
41- 45 16 0.0000054 -88 42 -43 
48- 46 15 0.057886 (114:47:-44) (-88 -48 43) 
49- 47 14 0.084926 (113:46;-45) (-114 44 -47) 
50- 48 10 0.024377 -113 45 -46 
51- 49 15 0.057886 (114:52:-49) (-88 48 -53) 
52- 50 14 0.084926 (113:51:-50) (-114 49 -52) 
53- 51 11 0.020976 -113 50 -51 
54- 52 15 0.057886 (114;57:-54) (-88 53 -58) 
110 
55- 53 14 0.C84926 (113:56:-55) (-114 54 -57) 
56- 54 12 0.022451 -113 55 -56 
57- 55 16 0.0000054 -88 58 -59 
58- 56 15 0.057886 (114:63:-60) (-88 59 • -64) 
59- 57 14 0.084926 (113:62:-61) (-114 60 -63) 
60— 58 9 0.064101 -113 61 -62 
61- 59 15 0.057886 (114:68:-65) (-88 64 • -69) 
62- 60 14 0.084926 (113:67:-6C) (-114 65 -68) 
63- 61 13 0.049924 -113 66 -67 
64- 62 15 0.057886 (114:73:-70) (-88 -74 69) 
65- 63 14 0.084926 (113;72:-71) (-114 70 -73) 
66- 64 10 0.024377 -113 71 -72 
67- 65 16 0.0000054 -88 74 -75 
68- 66 4 0.091543 -88 75 -77 
69- 67 14 0.084926 -88 77 -78 
70- 68 14 0.084926 -88 78 -79 
71- 69 14 0.084926 -88 79 -80 
72- 70 14 0.084926 -88 60 -81 
73- 71 14 0.084926 -88 81 -82 
74- 72 14 0.084926 -88 82 -83 
75- 73 14 0.084926 -88 83 -84 
76- 74 14 0.084926 -88 84 -85 
77- 75 17 0.050416 86 -87 -112 
78- 76 1 0.087063 27 -42 88 -89 
79- 77 1 0.087063 27 -42 89 -115 
80- 78 1 0.087063 27 -42 115 -116 
81- 79 1 0.087063 27 -42 116 -117 
82- 80 1 0.087063 27 -42 117 -118 
83- 81 1 0.087063 27 -42 118 -119 
84- 82 1 0.087063 27 -42 119 -120 
85- 83 17 0.050416 27 -42 120 -112 
86- 84 1 0.087063 42 -51 88 -89 -
87- 85 1 0.087063 42 -51 89 -115 
88- 86 1 0.087063 42 -51 115 -116 
89- 87 1 0.087063 42 -51 116 -117 
90- 88 1 0.087063 42 -51 117 -118 
91- 89 1 0.087063 42 -51 118 -119 
92- 90 1 0.087063 42 -51 119 -120 
93- 91 17 0.050416 42 -51 120 -112 
94- 92 1 0.087063 51 -59 88 -89 -
95- 93 1 0.087063 51 -59 89 -115 * 
96- 94 1 0.087063 51 -59 115 -116 
97- 95 1 0.087063 51 -59 116 -117 
98- 96 1 0.087063 51 -59 117 -118 
99- 97 1 0.087063 51 -59 118 -119 
100- 98 1 0.087063 51 -59 119 -120 
101- 99 17 0.050416 51 -59 120 -112 
102- 100 1 0.087063 59 -75 88 -89 -
103- 101 1 0.087063 59 -64 89 -115 
104- 102 1 0.087063 59 -64 115 -116 
105- 103 1 0.087063 59 -64 116 -117 
106- 104 1 0.087063 59 -64 117 -118 
107- 105 1 0.087063 59 -64 118 -119 
108- 106 1 0.087063 59 -64 119 -120 
109- 107 17 0.050416 59 -75 -112 120 
110- 108 1 0.087063 75 -79 88 -89 -
111- 109 1 0.087063 75 -79 89 -121 
112- 110 1 0.087063 75 -79 121 -122 
Ill 
113- 111 1 0 .087063 75 -79 122 -123 
114- 112 1 0 .087063 75 -79 123 -124 
115- 113 1 0 .087063 75 -79 124 -125 
116- 114 1 0 .087063 75 -79 125 -126 
117- 115 17 0.050416 1 75 -79 1 126 -112 
118- 116 1 0 .087063 79 -81 88 -89 -
119- 117 1 0 .087063 79 -81 89 -121 
120- 118 1 0 .087063 79 -81 121 -122 
121- 119 1 0 .087063 79 -81 122 -123 
122- 120 1 0 .087063 79 -81 123 -124 
123- 121 1 0 .087063 79 -81 124 -125 
124- 122 1 0 .087063 79 -81 125 -126 
125- 123 17 0.050416 ; 79 -81 . 126 -112 
126- 124 1 0 .087063 81 -83 88 -89 
127- 125 1 0 .087063 81 -83 89 -121 
128- 126 1 0 .087063 81 -83 121 -122 
129- 127 1 0 .087063 81 -83 122 -123 
130- 128 1 0 .087063 81 -83 123 -124 
131- 129 1 0 .087063 81 -83 124 -125 
132- 130 1 0 .087063 81 -83 125 -126 
133- 131 17 0.050416 ; 81 -83 1 126 -112 
134- 132 1 0 .087063 (83 -85 1 88 -89);(85 
135- 133 1 0 .087063 83 -86 89 -121 
136- 134 1 0 .087063 83 —86 121 -122 
137- 135 1 0 .087063 83 —86 122 -123 
138- 136 1 0 .087063 83 -86 123 -124 
139- 137 1 0 .087063 83 -86 124 -125 
140- 138 1 0 .087063 83 -86 125 -126 
141- 139 17 0.050416 i 83 -86 ; 126 -112 
142- 140 16 0.0000054 64 -69 -120 89 
143- 141 1 0 .087063 69 -75 89 -115 
144- 142 1 0 .087063 69 -75 115 -116 
145- 143 1 0 .087063 69 -75 116 -117 
146- 144 1 0 .087063 69 -75 117 -118 
147- 145 1 0 .087063 69 -75 118 -119 
148- 146 1 0 .087063 69 -75 119 -120 
149- 147 0 (98:-l) -7:87:112 
150-
151- 1 PZ 0.00 
152- 2 PZ 4.47 
153- 3 PZ 14.63 
154- 4 PZ 16.66 
155- 5 PZ 27.43 
156- 6 PZ 99.38 
157- 7 PZ 99.86 
158- 8 PZ 117.52 
159- 9 PZ 117.54 
160- 10 PZ 127.65 
161- 11 PZ 127.68 
162- 12 PZ 22.76 
163- 14 PZ 138.07 
164- 15 PZ 138.71 
165- 16 PZ 152.86 
166- 17 PZ 153.5 
167- 18 PZ 112.48 
168- 19 PZ 113.12 
169- 20 PZ 160.66 
170- 21 PZ 161.29 
171- 22 PZ 171 .15 
172- 23 PZ 171 .43 
173- 24 PZ 171 .67 
174- 25 PZ 190 .24 
175- 26 PZ 190 .52 
176- 27 PZ 190 .75 
177- 28 PZ 191 .34 
178- 29 PZ 191 .87 
179- 30 PZ 194 .63 
180- 31 PZ 195 .17 
181- 32 PZ 195 .75 
182- 33 PZ 196 .34 
183- 34 PZ 196 .87 
184- 35 PZ 199 .63 
185- 36 PZ 200 .17 
186- 37 PZ 200 .75 
187- 38 PZ 201 .34 
188- 39 PZ 201 .87 
189- 40 PZ 204 .63 
190- 41 PZ 205 .17 
191- 42 PZ 205 .75 
192- 43 PZ 212 .69 
193- 44 PZ 213 .28 
194- 45 PZ 213 .81 
195- 46 PZ 216 .57 
196- 47 PZ 217 .11 
197- 48 PZ 217 .69 
198- 49 PZ 218 .28 
199- 50 PZ 218 .81 
200- 51 PZ 221 .57 
201- 52 PZ 222 .11 
202- 53 PZ 222 .69 
203- 54 PZ 223 .28 
204- 55 PZ 223 .81 
205- 56 PZ 226 .57 
206- 57 PZ 227 .11 
207- 58 PZ 227 .69 
208- 59 PZ 234 .63 
209- 60 PZ 235 .22 
210- 61 PZ 235 .75 
211- 62 PZ 238 .51 
212- 63 PZ 239 .05 
213- 64 PZ 239 .63 
214- 65 PZ 240 .22 
215- 66 PZ 240 .75 
216- 67 PZ 243 .51 
217- 68 PZ 244 .05 
218- 69 PZ 244 .63 
219- 70 PZ 245 .22 
220- 71 PZ 245 .75 
221- 72 PZ 248 .51 
222- 73 PZ 249 .05 
223- 74 PZ 249 .63 
224- 75 PZ 253 .44 
225- 77 PZ 254 .39 
226- 78 PZ 261 .89 
227- 79 PZ 269 .39 
228- 80 PZ 276 .89 
113 
229- 81 PZ 284.4 
230- 82 PZ 291.9 
231- 83 PZ 299.4 
232- 84 PZ 306.9 
233- 85 PZ 314.4 
234- 86 PZ 315.04 
235- 87 PZ 365.04 
236- 88 CZ 10.16 
237- 89 CZ 10.8 
238- 90 CZ 21.34 
239- 91 CZ 35.0 
240- 92 CZ 13.3 
241- 93 CZ 15.84 
242- 94 CZ 18.38 
243- 95 CZ 20.92 
244- 96 CZ 23.46 
245- 97 CZ 26.00 
246- 98 CZ 35.5 
247- 99 CZ 6.34 
248- 100 CZ 6.35 
249- 101 CZ 7.5 
250- 104 CZ 33.35 
251- 105 CZ 33.99 
252- 106 CZ 36.53 
253- 107 CZ 39.07 
254- 108 CZ 41.61 
255- 109 CZ 44.15 
256- 110 CZ 46.69 
257- 111 CZ 49.23 
258- 112 CZ 58.96 
259- 113 CZ 2.88 
260- 114 CZ 4.37 
261- 115 CZ 13.34 
262- 116 CZ 15.88 
263- 117 CZ 18.42 
264- 118 CZ 20.96 
265- 119 CZ 23.5 
266- 120 CZ 26.04 
267- 121 CZ 13.32 
268- 122 CZ 15.86 
269- 123 CZ 18.4 
270- 124 CZ 20.94 
271- 125 CZ 23,48 
272- 126 CZ 26.02 
273-
274- FILES 77 NEUTP lOOOOOB 0 78 NEUTPA lOOOOOB 0 79 
275 NEUTPB lOOOOOB 0 
276- MODE 1 
277- IN 1 28R 2 1 4R 2 15R 4 13R 8 4R 16 4R 2 2R 8 8 2 
278- 2R 4 2R 8 8 4 2R 8 2R 16 4 2R 16 16 8 2R 16 2R 
279- 32 32 8 2R 16 2R 32 32 16 2R 64 64 16 2R 32 2R 
280- 64 64 8 4 4 8 2R 16 0 
281- SRC 0 
282- BO 1.0000-6 1,17886 1.3895-6 1.6379-6 1.9307-6 
283- 2.2759-6 2.68276 3.1623-6 3.7276-6 4.3940-6 
284- 5.1795-6 6.10546 7.1969-6 8.4834-6 1.0000-5 
285- 1.1788-5 1.38955 1.6379-5 1.9307-5 2.2759-5 
286- 2.6827-5 3.16235 3.7276-5 4.3940-5 5.1795-5 
114 
287- 6 .1054-5 7 .19695 8. 4834-5 1.1 0000-4 1.: 1788-4 
288- 1 .3895-4 1 .6379-4 1 .9307-4 2 .2759-4 2 .6827-4 
289- 3 .1623-4 3 .7276-4 4 .3940-4 5 .1795-4 6 .1054-4 
290- 7 .1969-4 8 .4834-4 1 .0000-3 1 .1788-3 1 .3895-3 
291- 1 .6379-3 1 .9307-3 2 .2759-3 2 .6827-3 3 .1623-3 
292- 3 .7276-3 4 .3940-3 5 .1795-3 6 .1054-3 7 .1969-3 
293- 8 .4834-3 1 .0000-2 1 .1788-2 1 .3895-2 1 .6379-2 
294- 1 .9307-2 2 .2759-2 2 .6827-2 3 .1623-2 3 .7276-2 
295- 4 .3940-2 5 .1795-2 6 .1054-2 7 .1969-2 8 .4834-2 
296- 1 .0000-1 1 .1788-1 1 .3895-1 1 .6379-1 1 .9307-1 
297- 2 .2759-1 2 .6827-1 3 .1623-1 3 .7276-1 4 .3940-1 
298- 5 .1795-1 6 .1054-1 7 .1969-1 8 .4834-1 1 .0000+0 
299- 1 .1788+0 1 .3895+0 1 .6379+0 1 .9307+0 2 .2759+0 
300- 2 .6827+0 3 .1623+0 3 .7276+0 4 .3940+0 5 .1795+0 
301- 6 .1054+0 7 .1969+0 8 .4834+0 1 .0000+1 1 .1788+1 
302- 1 .3895+1 1 .6379+1 1 .9307+1 2 .0000+1 
303- E12 1 .0000-3 1 .1788-3 1 .3895-3 1 .6379-3 1 .9307-3 
304- 2 .2759-3 2 .6827-3 3 .1623-3 3 .7276-3 4 .3940-3 
305- 5 .1795-3 6 .1054-3 7 .1969-3 8 .4834-3 1 .0000-2 
306- 1 .1788-2 1 .3895-2 1 .6379-2 1 .9307-2 2 .2759-2 
307- 2 .6827-2 3 .1623-2 3 .7276-2 4 .3940-2 5 .1795-2 
308- 6 .1054-2 7 .1969-2 8 .4834-2 1 .0000-1 1 .1788-1 
309- 1 .3895-1 1 .6379-1 1 .9307-1 2 .2759-1 2 .6827-1 
310- 3 .1623-1 3 .7276-1 4 .3940-1 5 .1795-1 6 .1054-1 
311- 7 .1969-1 8 .4834-1 1 .0000+0 1 .1788+0 1 .3895+0 
312- 1 .6379+0 1 .9307+0 2 .2759+0 2 .6827+0 3 .1623+0 
313- 3 .7276+0 4 .3940+0 5 .1795+0 6 .1054+0 7 .1969+0 
314- 8 .4834+0 1 .0000+1 1 .1788+1 1 .3895+1 1 .6379+1 
315- 1 .9307+1 2 .0000+1 
316- E14 1 .0000-3 1 .1788-3 1 .3895-3 1 .6379-3 1 .9307-3 
317- 2 .2759-3 2 .6827-3 3 .1623-3 3 .7276-3 4 .3940-3 
318- 5 .1795-3 6 .1054-3 7 .1969-3 8 .4834-3 1 .0000-2 
319- 1 .1788-2 1 .3895-2 1 .6379-2 1 .9307-2 2 .2759-2 
320- 2 .6827-2 3 .1623-2 3 .7276-2 4 .3940-2 5 .1795-2 
321- 6 .1054-2 7 .1969-2 8 .4834-2 1 .0000-1 1 .1788-1 
322- 1 .3895-1 1 .6379-1 1 .9307-1 2 .2759-1 2 .6827-1 
323- 3 .1623-1 3 .7276-1 4 .3940-1 5 .1795-1 6 .1054-1 
324- 7 .1969-1 8 .4834-1 1 .0000+0 1 .1788+0 1 .3895+0 
325- 1 .6379+0 1 .9307+0 2 .2759+0 2 .6827+0 3 .1623+0 
326- 3 .7276+0 4 .3940+0 5 .1795+0 6 .1054+0 7 .1969+0 
327- 8 .4834+0 1 .0000+1 1 .1788+1 1 .3895+1 1 .6379+1 
328- 1 .9307+1 2 .0000+1 
329- E32 1 .0000-3 1 .1788-3 1 .3895-3 1 .6379-3 1 .9307-3 
330- 2 .2759-3 2 .6827-3 3 .1623-3 3 .7276-3 4 .3940-3 
331- 5 .1795-3 6 .1054-3 7 .1969-3 8 .4834-3 1 .0000-2 
332- 1 .1788-2 1 .3895-2 1 .6379-2 1 .9307-2 2 .2759-2 
333- 2 .6827-2 3 .1623-2 3 .7276-2 4 .3940-2 5 .1795-2 
334- 6 .1054-2 7 .1969-2 8 .4834-2 1 .0000-1 1 .1788-1 
335- 1 .3895-1 1 .6379-1 1 .9307-1 2 .2759-1 2 .6827-1 
336- 3 .1623-1 3 .7276-1 4 .3940-1 5 .1795-1 6 .1054-1 
337- 7 .1969-1 8 .4834-1 1 .0000+0 1 .1788+0 1 .3895+0 
338- 1 .6379+0 1 .9307+0 2 .2759+0 2 .6827+0 3 .1623+0 
339- 3 .7276+0 4 .3940+0 5 .1795+0 6 .1054+0 7 .1969+0 
340- 8 .4834+0 1 .0000+1 1 .1788+1 1 .3895+1 1 .6379+1 
341- 1 .9307+1 2 .0000+1 
342- E52 1 .0000-3 1 .1788-3 1 .3895-3 1 .6379-3 1 .9307-3 
343- 2 .2759-3 2 .6827-3 3 .1623-3 3 .7276-3 4 .3940-3 
344- 5 .1795-3 6 .1054-3 7 .1969-3 8 .4834-3 1 .0000-2 
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345- 1.1788-2 1.3895-2 1.6379-2 1.9307-2 2.2759-2 
346- 2.6827-2 3.1623-2 3.7276-2 4.3940-2 5.1795-2 
347- 6.1054-2 7.1969-2 8.4834-2 1.0000-1 1.1788-1 
348- 1.3895-1 1.6379-1 1.9307-1 2.2759-1 2.6827-1 
349- 3.1623-1 3.7276-1 4.3940-1 5.1795-1 6.1054-1 
350- 7.1969-1 8.4834-1 1.0000+0 1.1788+0 1.3895+0 
351- 1.6379+0 1.9307+0 2.2759+0 2.6827+0 3.1623+0 
352- 3.7276+0 4.3940+0 5.1795+0 6.1054+0 7.1969+0 
353- 8.4834+0 1.0000+1 1.1788+1 1.3895+1 1.6379+1 
354- 1.9307+1 2.0000+1 
355- E72 1.0000-3 1.1788-3 1.3895-3 1.6379-3 1.9307-3 
356- 2.2759-3 2.6827-3 3.1623-3 3.7276-3 4.3940-3 
357- 5.1795-3 6.1054-3 7.1969-3 8.4834-3 1.0000-2 
358- 1.1788-2 1.3895-2 1.6379-2 1.9307-2 2.2759-2 
359- 2.6827-2 3.1623-2 3.7276-2 4.3940-2 5.1795-2 
360- 6.1054-2 7.1969-2 8.4834-2 1.0000-1 1.1788-1 
361- 1.3895-1 1.6379-1 1.9307-1 2.2759-1 2.6827-1 
362- 3.1623-1 3.7276-1 4.3940-1 5.1795-1 6.1054-1 
363- 7.1969-1 8.4834-1 1.0000+0 1.1788+0 1.3895+0 
364- 1.6379+0 1.9307+0 2.2759+0 2.6827+0 3.1623+0 
365- 3.7276+0 4.3940+0 5.1795+0 6.1054+0 7.1969+0 
366- 8.4834+0 1.0000+1 1.1788+1 1.3895+1 1.6379+1 
367- 1.9307+1 2.0000+1 
368- E6 2.0000+1 
369- E16 2.0000+1 
370- F6 18 6 7 8 9 10 11 12 13 21 22 23 24 25 26 27 30 76 
371- 77 78 79 80 81 82 84 85 86 87 88 89 90 92 93 94 95 
372- 96 97 98 99 100 101 102 103 104 105 106 108 109 110 
373- 111 112 113 114 115 116 117 118 119 120 121 122 124 
374- 125 126 127 128 129 130 131 132 133 134 135 136 137 
375- 138 139 141 142 143 144 145 146 123 107 83 91 
376- FM6 1.6021-13 
377- F16 18 6 7 8 9 10 11 12 13 21 22 23 24 25 26 27 30 76 
378- 77 78 79 80 81 82 84 85 86 87 88 89 90 92 93 94 95 
379- 96 97 98 99 100 101 102 103 104 105 106 108 109 110 
380- 111 112 113 114 115 116 117 118 119 120 121 122 124 
381- 125 126 127 128 129 130 131 132 133 134 135 136 137 
382- 138 139 141 142 143 144 145 146 123 139 
383- FM6 1.6021-13 
384- F2 3 12 15 16 17 
385- FM2 6.28E15 
386- F42 121 122 123 124 
387- FS42 -79 -81 -83 
388- FM42 6.28E15 
389- F62 112 
390- FS62 -19 -21 -27 -42 -51 -59 -75 -79 -81 -83 -86 
391- FM62 6.28E15 
392- F82 115 116 117 118 
393- FS82 -42 -51 -59 -64 
394- FM82 6.28E15 
395- F12 3 12 14 15 16 17 
396- FM12 6.28E15 
397- F32 88 
398- FS32 -5 -7 -19 -20 -27 -42 -51 -59 -75 -79 -81 -83 
399- FM32 6.28E15 
400- F52 121 122 123 124 
401- FS52 -79 -81 -83 
402- FM52 6.28E15 
403-
404-
405-
406-
407-
408-
409-
410-
411-
412-
413-
414-
415-
416-
417-
418-
419-
420-
421-
422-
423-
424 
425-
426 
427-
428-
429' 
430 
431-
432 
433 
434 
435 
436 
437 
438 
439 
440 
441 
442 
443 
444 
445 
446 
447 
448 
449 
450 
451 
452 
453 
454 
455 
456 
457 
458 
459 
460 
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F72 112 
FS72 -19 -21 -27 -42 -51 -59 -75 -79 -81 -83 -86 
FM72 6.28E15 
F92 115 116 117 118 
FS92 -42 -51 -59 -64 
FM92 6.28E15 
F4 2 3 16 17 33 19 2 30 77 78 79 85 86 87 84 76 92 3 
93 94 95 100 101 102 103 108 109 110 111 116 117 
118 119 124 125 126 127 132 133 134 135 140 141 142 
143 67 68 69 70 71 72 73 74 42 43 44 45 46 47 48 49 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 
FM4 6.28E15 
F14 2 3 16 17 19 2 30 33 77 76 78 79 84 85 86 87 92 3 
93 94 95 100 101 102 103 108 109 110 111 116 117 
118 119 124 125 126 127 132 133 134 135 140 141 142 
143 67 68 69 70 71 72 73 74 56 57 58 59 60 61 62 63 
64 65 42 43 44 45 46 4748 49 50 51 52 53 54 55 
FMI4 6.28E15 
F5Z 138.22 22.07 1.5 
FM5 6.28E15 
F25 18.25 12.07 1.0 
FM25 6.28E15 
F45Z 2220.19 12.07 1.0 
FM45 6.28E15 
F65Z Z242.13 22.5 1.5 
FM65 6.28E15 
Ml 6000.50 -0.6592 24000.50 -0.19 28000-50 -0.095 
42000.50 -0.025 25055.50 -0.02 14000.50 -0.01 
6000.50 -0.0008 
M2 28000.50 -0.77 29000.50 -0.05 24000.50 -0.015 
26000.50 -0.165 
M3 74182.50 0.2643 74183.50 0.143 74184.50 0.3067 
74186.50 0.286 
M4 28000.50 -0.4514 27059.50 -0.30 24000.50 -0.15 
13027.50 -0.032 42000.50 -0.03 6000.50 -0.0013 
25055.50 -0.0008 14000.50 -0.0025 22000.50 -0.022 
M5 2004.50 1.0 
M6 26000-50 -0.846 24000.50 -0.12 25055-50 -0.005 
28000.50 -0.005 6000.50 -0.002 14000.50 -0.004 
74182.50 -0.00132 74184.50 -0.00153 74186.50 
-0.00145 42000.50 -0.01 74183.50 -0.0007 23000.50 
-0.003 
M7 26000.50 -0.679 24000-50 -0.17 28000.50 -0.12 
25055.50 -0.02 14000.50 -0.01 6000.50 -0.001 
M8 1001.50 0.666583 1002.50 0,000084 8016.50 0.333333 
M9 42000.50 1.0 
MIO 37085.55 0.361 37087.55 0.139 35081.55 0.247 
35079.55 0.253 
Mil 55133.55 0.5 53127.55 0.5 
M12 11023.50 0.50 17000.50 0-50 
Ml3 14000.50 1.0 
Ml4 29000.50 1.0 
Ml5 13027.50 0.96 1001.50 0.03 8016.50 0.01 
Ml6 1001.50 0.0000045 7014.50 0.7882255 8016.50 0.206 
6000.50 0.00017 18000.01 0.0056 
M17 26000.50 1.0 
XS ENDF5 T2DDC 
AWTAB 35081 80.2212 35079 78.2404 37085 84.1824 
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461- 37087 86.1626 
462- DBCN 9J 60 
463- ERGN 0 20.0 0 
464- CUTN 1.0E123 1.0-7 
465- HPS 200000 
55133 131.764 53127 125.814 
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XXI. APPENDIX C. CELL DESIGNATION FOR GEOMETRY AT LASREF 
Cell Number Cell Material 
1 Vacuum 
2 Metal Torold 
3 Tungsten Collimator 
4 Vacuum 
5 316 stainless steel 
6-12 Fe Shielding (Solid) 
13 Fe Shielding (Solid) 
14 Helium "Bucket" 
15 316 stainless steel 
16 HT-9 stainless steel 
17 HT-9 stainless steel 
18 316 stainless steel 
19-20 Air 
21-27 Fe Shielding (Spheres) 
28 Inconel 718 Window 
29 316 stainless steel 
30 Air 
31 316 stainless steel 
32 304 stainless steel 
33 HgO 
34 364 stainless steel 
35 316 stainless steel 
36 Homogeneous A1 + HjO Holder 
37 Copper (Cu) Holder 
38 Void 
39 Homogeneous A1 + H2O 
40 Cu 
41 Zinc Oxide (ZnO) 
42 Homogeneous A1 + HgO 
43 Cu 
44 Molybdenum (Mo) 
45 Air 
46 Homogeneous Ai + HgO 
47 Cu 
48 Rubidium Bromide (RbBr) 
49 Homogeneous A1 + HjO 
50 Cu 
51 Cesium Iodide (Csl) 
52 Homogeneous A1 + H2O 
53 Cu 
54 Sodium Chloride (NaCl) 
55 Air 
56 Homogeneous A1 + HgO 
57 Cu 
58 Mo 
59 Homogeneous A1 + H^ O 
60 Cu 
61 Silicon (Si) 
62 Homogeneous A1 + HgO 
63 Cu 
64 RbBr 
65 Air 
66 Inconel 718 
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67-74 Cu 
75 Fe Shielding (Solid) 
76-82 316 stainless steel (Solid) 
83 Fe Shielding (Spheres) 
84-90 316 stainless steel (Solid) 
91 Fe Shielding (Spheres) 
92-98 316 stainless steel (Solid) 
99 Fe Shielding (Spheres) 
100-106 316 stainless steel (Solid) 
107 Fe Shielding (Spheres) 
108-114 316 stainless steel (Solid) 
115 Fe Shielding (Spheres) 
116-122 316 stainless steel (Solid) 
123 Fe Shielding (Spheres) 
124-130 316 stainless steel (Solid) 
131 Fe Shielding (Spheres) 
132-138 316 stainless steel (Solid) 
139 Fe Shielding (Spheres) 
140 Air 
120 
XIII. APPENDIX D. SURFACE DESIGNATION FOR GEOMETRY AT LASREF 
PZ Is defined as finite distances from 0.0 in the z-direction and CZ is 
defined as radial distances from the center of the beamline. 
Surface Direction Distance, cm 
1 PZ 0.00 
2 PZ 4.47 
3 PZ 14.63 
4 PZ 16.66 
5 PZ 27.43 
6 PZ 99.38 
7 PZ 99.86 
8 PZ 117.52 
9 PZ 117.54 
10 PZ 127.65 
11 PZ 127.68 
14 PZ 138.07 
15 PZ 138.71 
16 PZ 152.86 
17 PZ 153.50 
18 PZ 112.48 
19 PZ 113.12 
20 PZ 160.66 
21 PZ 161.29 
22 PZ 171.15 
23 PZ 171.43 
24 PZ 171.67 
25 PZ 190.24 
26 PZ 190.52 
27 PZ 190.75 
28 PZ 191.34 
29 PZ 191.87 
30 PZ 194.63 
31 PZ 195.17 
32 PZ 195.75 
33 PZ 196.34 
34 PZ 196.87 
35 PZ 199.63 
36 PZ 200.17 
37 PZ 200.75 
38 PZ 201.34 
39 PZ 201.87 
40 PZ 204.63 
41 PZ 205.17 
42 PZ 205.75 
43 PZ 212.69 
44 PZ 213.28 
45 PZ 213.81 
46 PZ 216.54 
47 PZ 217.11 
48 PZ 217.69 
49 PZ 218.28 
50 PZ 218.81 
51 PZ 221.57 
52 PZ 222.11 
53 PZ 222.69 
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54 PZ 232.28 
55 PZ 223.81 
56 PZ 226.57 
57 PZ 227.11 
58 PZ 227.69 
59 PZ 234.63 
60 PZ 225,22 
61 PZ 225.75 
62 PZ 238.51 
63 PZ 239.05 
64 PZ 239.63 
65 PZ 240.22 
66 PZ 240.75 
67 PZ 243.51 
68 PZ 244.05 
69 PZ 244,63 
70 PZ 245.22 
71 PZ 245.75 
72 PZ 248.51 
73 PZ 249.05 
?4 PZ 249.63 
75 PZ 253.44 
77 PZ 254.39 
78 PZ 261.89 
79 PZ 269.39 
80 PZ 276.89 
81 PZ 284.40 
82 PZ 291.90 
83 PZ 299.40 
84 PZ 306.90 
85 PZ 314.40 
86 PZ 315.04 
87 PZ 365.04 
88 cz 10.16 
89 cz 10.80 
90 cz 21.34 
91 cz 35.00 
92 cz 13.30 
93 cz 15.84 
94 cz 18.38 
95 cz 20.92 
96 cz 23.46 
97 cz 26.00 
98 cz 35.50 
99 cz 6.34 
100 cz 6.35 
101 cz 7.50 
104 cz 33.35 
105 cz 33.99 
106 cz 36.53 
107 cz 39.07 
108 cz 41.61 
109 cz 44.15 
110 cz 46.69 
111 cz 49.23 
112 cz 58.96 
113 cz 2.88 
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114 CZ 4.37 
115 CZ 13.34 
116 CZ 15.88 
117 CZ 18.42 
118 CZ 20.96 
119 CZ 23.50 
120 CZ 26.04 
121 CZ 13.32 
122 CZ 15.86 
123 CZ 18.40 
124 CZ 20.94 
125 CZ 23.48 
126 CZ 26.02 
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XIV. APPENDIX E. STANDARD OPERATING PROCEDURE (SOP) 
for DOSIMETRY MEASUMWENTS AT" LAMPF TA^ ET STATION A-6 
This SOP is for a dosimetry experiment which will determine the 
flux and spectrum of secondary neutrons and protons at TA-53, LAMPF 
Target Station A-6. Procedures for sanqple placement, retrieval and 
transportation, and foil activation analysis are specified. A brief 
description of the experiment and apparatus follows. 
A. Introduction 
A major upgrade of the LAMPF becim stop area (Target Station A-6) 
has been completed. Radiation effects studies are possible in the direct 
proton beam and in the spallation neutron flux that results from the 
interaction of the primary beam with the Isotope Production targets and 
the copper beam stop. A dosimetry experiment will characterize the 
nature of the particles in the neutron irradiation ports. It will also 
aid in the design of future radiation effects experiments and the 
development of a simplified dosimetry package to be irradiated with each 
experiment. 
A pneumatic rabbit system has been built to measure the secondary 
neutron and proton energy spectra in the neutron irradiation ports. 
Stainless steel tubing positioned in the bottom of the dosimetry insert 
allows measurements in four radial locations in the neutron irradiation 
ports. High-purity activation foils are placed inside an aluminum 
capsule and positioned using helium gas as a propeliant. Up to five 
capsules can be irradiated in each of the four rabbit tubes. Foils are 
irradiated for periods of time ranging from four hours to three weeks. 
After irradiation, the foils are counted and the signature gamma rays 
analyzed. The activation results are used as input for the computer 
code, STAY'SL, and the spallation neutron and proton energy spectra are 
unfolded using this code. 
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B. Hazards 
Radiation exposure is the major hazard present in this experiment. 
To minimize this hazard, only qualified persons will be allowed to run 
the experiment. They are: 
1) Dorothy Davidson 
2) Walt Sommer 
3) Kit Taylor 
Radiation hazards were present during three phases of Experiment 
936. The first and largest hazard occurs when the capsule containing the 
Irradiated activation foils are removed pneumatically from the dosimetry 
insert. Due to the production of ^^ Na in the aluminum capsules and other 
short-lived isotopes, each capsule could reach 100 R/h beta/gamma at 
contact. To reduce the risk of radiation exposure, several precautions 
and design options have been taken. 
1. The capsules are driven into the iron casks, thereby eliminating 
handling of capsules until the short-lived isotopes have decayed. 
The capsule is surrounded by 6.35 cm of iron reducing personnel 
exposure to 12 R/h at contact with the cask. 
2. The capsules remain in the cask to allow the ^ "^ Na activity to decay 
until the radiation level is below 100 mR/h at contact with the 
cask. The radiation level at contact for the capsules is about 2 
R/h beta/gamma. 
3. The iron casks are located on the East side of the enclosure 
covering the beam stop area. This area will be roped off to limit 
access. Access will only be allowed after a health physics survey 
has been completed. Health physics personnel will be present when 
capsules are driven into the casks to monitor the casks and erect 
radiation barriers, as required. 
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4. To minimize radiation exposure to non-participating personnel 
working on the platform outside the East roll-up door at Area A-6, 
a magnatite block wall has been constructed. 
The second radiation hazard occurs during the transportation of the 
foils to the Hot Cell Area for preparation for analysis. To reduce 
radiation exposure, the capsules will be transported inside a B-57 lead 
cask. Two people will carry the cask using a handling device that gets 
them at least one foot away from the cask. The radiation level at one 
foot from the cask is approximately 10 mR/h. 
Once at the Hot Cell Area, the capsules will be opened behind 
leaded glass in the South hood. The foils will be removed from the 
capsule and mounted on aluminum counting plates. They will be 
transported inside a lead cask to Group ICN-11 for analysis. Radiation 
levels at contact with the lead cask will be approximately 5 mR/h. After 
counting the foils at least twice, the foils will be transferred back to 
LAMPF and stored in an aluminum storage holder with the identifying run 
number stamped on the cover. Foils, intended for future analysis, will 
be stored for one year in a lead-lined safe and then disposed of by HSE-
11. To assure accountability, the identification number will be recorded 
in a log book when the foils are placed in storage and disposed of by 
HSE-11. 
C. Operational Procedure 
1. Sample preparation 
1. High-purity activation foils of iron, nickel, cobalt, gold, 
scandium, vanadium, titanium, zinc, copper. Indium, and aluminum 
are punched from sheet material into 5.6 mm diameter disks. 
2. A center hole (1.0 mm diameter) is punched in the foils for 
stringing on the center wire in the capsule. 
3. Samples are placed in the capsule. 
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2. Foil Irradiation 
1. Capsules are placed in neutron irradiation port two by the IP 
targets. 
2. Foils are irradiated. Irradiation times varied from four hours to 
three weeks. 
3. Capsules are driven by the pneumatic system into the iron casks 
located at the East side of the enclosure at Target Station A-6. 
Helium gas is vented back into the concrete enclosure and then up 
the stack. 
4. Capsule decay inside the iron cask until the radiation exposure 
level at contact with the cask is below 100 znR/h. 
5. To minimize the possibility of oxygen depletion in the A-6 concrete 
enclosure by accidental release of helium, all helium transport 
lines are disconnected from the supply bottles, except for the 
short time (less than one minute) required to place or retrieve the 
capsules. 
6. A checklist (attached) will be signed off by two persons prior to 
running the experiment. 
3. Transportation and analysis 
1. Capsules are transferred from the iron casks to a lead cask, which 
is carried by hand to the Hot Cell Area. Used aluminum spacers are 
placed in the large lead cask at A-6 East for disposal by HSE-11. 
2. Capsules are opened behind leaded glass in the South hood. 
3. Empty capsules are returned to the lead cask for disposal by HSE-
11. 
4. Foils are mounted on aluminum plates for analysis. 
5. Foils are analyzed at ICN-11. 
6. Foils are weighed in Room D-113 of D Wing, LAMPF Laboratory-Office 
Building (LOB). 
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7. Foils are placed in an aluminum sangle holder and stored in a lead-
lined safe for one year for future analysis. 
8. The lead cask is returned to A-6 East, where en^ ty capsules are 
placed in a locked disposal storage cask. Disposal of radioactive 
capsules by HSE-11 is recorded in a log book for accountability 
purposes. 
D. Emergency Procedures 
Two emergency situations are possible during the experiment. They 
are: 
An irradiated capsule is stuck in the tubing. To determine the 
location of the stuck capsule, a fish tape will be run into the 
tube. If the capsule is stuck inside the enclosure in the tubing 
above the insert, it will not be a hazard to personnel outside the 
enclosure, but will be to those inside. After forty-eight hours, 
the capsule will read approximately 2 R/h at contact. The tubing 
section with the radioactive capsule will be disconnected at the 
swage lock fitting, and the tube and capsule removed from the hut. 
A radiation hazard to persons working outside the enclosure will 
exist if the capsule gets stuck in the tubing between the concrete 
enclosure and the iron cask. Due to the lack of shielding, the 
capsule will read as much as 100 R/h at contact immediately after 
removing from the dosimetry insert. If this should happen the 
capsule will be shielded locally with a lead blanket, and the 
tubing cut near the capsule. 
A break in the rubber hose outside the concrete enclosure results 
in helium leaking into the experimental area. This problem is of 
limited concern since only ten psi of helium is run through the 
tubing for less than thirty seconds. To prevent the release of any 
radioactivity entrapped in the helium into the experimental area. 
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all hoses will be inspected prior to use to assure that no breaks 
are present and that proper connections have been made. 
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RUN#; 
DATE: 
Signatures 
PRE-IRRADIATION 
Checklist for Experiment 936 
Checklist 
1.  
2 .  
3. 
4. 
5. 
6 .  
7. 
8 .  
9. 
10. 
11. 
Check mechanical measurement of capsules and 
spacers. 
Start chart recorder for beam current. 
Check Iron casks to be sure no aluminum 
capsules are Inside. 
Connect helium lines to iron casks. 
Connect line 1 to helium tank and line 2 to 
vent line. 
Pneumatically place capsules in line 1. 
time -
1 .  
4. 
2 .  
5. 
3. 
Connect line three to helium tank and line 4 
to vent line. 
Pneumatically place capsules in tube 2. 
time -
1 .  
4. 
2 .  
5. 
3. 
Connect line 5 to helium tank and line 6 to 
vent line. 
Pneumatically place capsules in tube 3. 
time -
1 .  
4. 
2 .  
5. 
3. 
Connect line 7 to helium tank and line 8 to 
vent line. 
12. 
13. 
14. 
15. 
POST-IRRADIATION 
16. 
17. 
18. 
19. 
20 .  
21.  
2 2 .  
23. 
24. 
25. 
2 6 .  
27. 
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Pneumatically place capsules in tube 4. 
time -
1. 2. 3. 
4. 5. 
Call CCR (7-5729) to run RST 33 and CMLOG. 
Disconnect inlet lines from the tanks. 
Irradiate foils. 
Irradiation time -
Connect line 2 to helium tank and line 1 to 
vent line. 
Pneumatically remove capsules from line 1. 
time -
cask exposure reading -
Connect line 4 to helium tank and line 3 to 
vent line. 
Pneumatically remove capsules from line 3. 
time -
cask exposure reading -
Connect line 6 to helium tank and line 5 to 
vent line. 
Pneumatically remove capsules from line 5. 
time -
cask exposure reading -
Connect line 8 to helium tank and line 7 to 
vent line. 
Pneumatically remove capsules from line 7. 
time -
cask exposure reading -
Call CCR (7-5729) to run RST 33 and CMLOG. 
Disconnect helium lines from the tanks. 
Monitor radiation level. When exposure level 
is less than 100 mR/h at contact with the 
cask, transfer capsules to lead cask and 
transport to South hood in Hot Cell Area for 
preparation for analysis. 
Place used spacers, if any, and empty 
capsules in the large lead cask at A-6 East. 
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XV. APPENDIX F. BCF PROGRAM 
C THIS PROGRAM CACLULATES THE EFFECTIVE FLUX TO WHICH A 
C NUCLIDE IS DEPENDENT UPON DURING AN IRRADIATION OF 
C FLUXTUATING FLUXES AND TIMES. 
C NTYPE=0 FOR DIFFERENTIAL TIME VS. FLUX; =1 FOR INTEGRAL CTIME AND 
C FLUX. FLUX NUMBERS MAY RESTART. TIME MUST BE C2400 SYSTEM. 
C NTYPE=2 FOR INTEGRAL TIME AND DIFFERENTIAL FLUX. 
C NTIME=0 FOR DECIMAL TIME; =1 FOR CLOCK TIME. PROGRAM 
C CONVERTS FROM HR:MIN OR MINrSEC TO DECIMAL. 2400 CLOCK 
C TIME ASSUMED. MUNIT IS THE TIME UNIT OF THE DATA 
C (S,M,H,D,Y). 
C HALFLIVES CAN BE ENTERED IF NIT-S,M,H,D, OR Y. NIT-L CFOR LAMBDA 
C IF LAMBDAS ARE USED, TIME UNITS MUST AGREE CWITH THE DATA. MFEE= 
C IF INTEGRATED CHARGE DATA IS CUSED; 0 OTHERWISE. 
C 
IMPLICIT REALS*8 {A-H,OOZ) 
REAL*8 TITLE(10,10) 
REAL*8 NUC(2) 
INTEGER*2 NIT,MUNIT 
INTEGER*2 NC(6) 
DIMENSION FEE(500),T(500) 
DATA NC/'S','M','H','D','Y','L',/ 
1000 1=0 
C 
C READ THE NUMBER OF TITLE CARDS FOR THE FIRST CASE 
C 
READ(5,100,END-999 0)NTIT,NTYPE,NTIME,MUNIT,MFEE 
100 FORMAT(312,A2,12) 
TUNIT=-1 
IF(MUNIT.EQ.NC(l)) TUNIT=1 
IF(MUNIT.EQ.NC{2)) TUNIT-60 
IF(MUNIT.EQ.NC(3)) TUNIT=3600 
IF(MUNIT.EQ.NC(4)) TUNIT=8.64E 4 
IF(MUNIT.EQ.ND(5)) TUNIT-3.154E 7 
IF(TUNIT.LT.O.) GO TO 9999 
C 
C READ TITLE CARDS 
C 
IF(NTIME.GE.2) READ(5,*) TIN 
READ(5,1001)((TITLE(NTC,J),J=l,10),NTC=1,NTIT) 
1001 FORMAT(10A8) 
1005 I-I+l 
C 
C READ IRRADIATION TIMES AND FLUXES FOR THESE TIMES 
C 
IF(NTIME.EQ.2) GO TO 47 
IF(NTIME.GT.2) GO TO 46 
READ(5,*) T(I),FEE(I) 
GO TO 48 
47 T(I)-TIN 
READ(5,*) FEE (I) 
IF(FEE(I).LT.0.0) GO TO 49 
GO TO 48 
46 T(I)-TIN 
IF(NTIME.EQ.7) GO TO 43 
READ(5,*)KK,F100,F200,F300,FAVG 
IF(NTIME.EQ.3)FEE(I)-F100 
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IF(NTIME.BQ.4)FEE(I)-F200 
IF(NTIME.EQ.5)FEE(I)-F3 0 0 
IF(NTIME.EQ.6)FEE{I)-FAVG 
GO TO 44 
43 READ(5,*)TDUM,FEB(I) 
IF(I.EQ.47)T(I)-23.0 
•«4 IF (FEE (I) .LT. 0.0) GO TO 49 
48 IF(T(I).GT.0.0) GO TO 1005 
C 
C READ TOTAL IRRADIATION TIME (CAFT) 
C 
49 I-I-l 
CAPT=T(I) 
IF(NTIME.GE.2) CAPT-FEE(I) 
1=1-1 
C 
C CONVERT CLOCK TIME TO DECIMAL IF NTIME NOT ZERO 
C 
IF(NTIME.EQ.O) GO TO 35 
DO 33 J=1,I 
TH-FLOAT(INT(T(J))) 
TM-(T(J)-TH)/0.6 
T(J)-TH+TM 
33 CONTINUE 
C 
C CONVERT INTEGRAL FLUXES TO DIFFERENTIAL IF NTYPE NOT CZERO 
C 
35 IF(NTYPE.EQ.O) GO TO 30 
WRITE(6,1040)(FEE(N),T(N),N=1,I) 
1=1-1 
DO 40 J=1,I 
K=J+1 
T(J)-T(K) -T(J) 
IF(T(J).LT.O) T(J)=T(J)+24.0 
IF (NTYPE .EQ .2) FEE (J) =FEE (K) 
IF(NTYPE.EQ.2) GO TO 40 
FEE (J) "FEE (K) -FEE (J) 
IFF(FEE(J).LT.O)FEE(J)-FEE(K) 
40 CONTINUE 
30 XCAPT-0. 
XPROD=0. 
AVGBM=0. 
DO 10 J-1,I 
IF(MFEE.EQ.l) FEE(J)-FEE(J)/T(J) 
10 XCAPT=XCAPT+FEE(K)*T(K) 
AVGBM=AVGBM+XPROD/XCAPT 
PRINT 1034 
1034 FORMAT(IHl) 
WRITE(6,1035)((TITLE(NTC,M),M=1,10)NTC=1NTIT) 
1035 FORMAT(IX,10A8) 
WRITE(6,100)NTIT,NTYPE,NTIME,MUNIT,MFEE 
WRITE(6,1040)(FEE(N),T(N),N-1,I) 
1040 FORMAT(IHO,6X,'FEE',20X,'TIME',/(IH ,1PE13.5,0PF21.4)) 
WRITE(6,1041)CAPT,XCAPT,MUNIT 
1041 FORMAT(IHO,'CAPT - ',1PE12.4,' CALC CAPT = 
1',1PE12.4,1X,A2) 
WRITE(6,1042)XPROD 
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1042 FORMAT(IHO,'INTEGRATED FLUX-TIME PROD(XPROD) -
1',1PE13.5) 
CAPT-XCAPT 
C 
C READ HALF-LIFE OR LAMBDA AND NUCLIDE NAME 
C 
WRITE(6,73) 
73 FORMAT(IHO) 
WRITE(7,72) MUNIT 
72 FORMAT(7X,'T(1/2)',11X,'LAMBDA(',A2,'-1)',5X,'EFF 
IFLUX',5X,'NUCLIDE',5X,'EFLUX/AVGBM',7X,'(1-E(-
2LT))',6X,'RATIO') 
1015 READ{7,1020,END-9990) THLV,NIT,NUC,ID 
1020 FORMAT(E13.5,A2,A8,A2,54X,Il) 
IF(ID.BQ.3) GO TO 1000 
TNUC=-1 
IF(NIT.EQ.NC(1)) TNUC-1 
IF(NIT.EQ.NC(2)) TNUC-60 
IF(NIT.EQ.NC{3)) TNUC-3600 
IF(NIT.EQ.NC(4)) TNUC-8.64E 4 
IF(NIT.EQ.NC(5)) TNUC-3.154E 7 
IF(NIT.EQ.O) GO TO 9999 
XLANDA-THLV 
IF(NIT.EQ,NC(6)) GO TO 70 
XLANDA=0.693147*TUNIT/(THLV*TNUC) 
70 SUMT-0 
DELT-XCAPT 
CAPFEE=0 
DO 1030 N=1,I 
DELT-DELT-T(N) 
XLN=XLANDA*T(N) 
IF(XLN.GT.180.) XLN=180. 
XLT=XLANDA*DELT 
IF(XLT.GT.180.) XLT-180. 
1030 CAPFEE=CAPFEE+FEE(N)*(1.0-EXP(-XLN))*EXP(-XLT) 
CPNORM-CAPFEE/AVGBM 
XLT=XLANDA*XCAPT 
IF(XLT.GT.180.) XLT=180. 
CONFEE-1.0-EXP(-XLT) 
RATIO-CPNORM/CONFEE 
WRITE(6,73) 
WRITE(6,1045) THLV,NIT,XLANDA,CAPFEE,NUC,CPNORM,CONFEE, 
IRATIO 
1045 FORMAT(5X,IPEll.5,IX,A2,5X,IPEll.5,5X,1PE12.5,2X,A8, 
1A2,2X,1PE12.5,5X,1PE12.5,5X,0PF6.4) 
GO TO 1015 
9999 WRITE{6,1050) 
1050 FORMAT(IH ,'THERE IS SOMETHING WRONG WITH YOUR INPUT') 
9990 CONTINUE 
STOP 
END 
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XVI. APPENDIX G. STAY'SL PROGRAM 
C PROGRAM STAYSAIL C L GREENWOOD - ANL - 1983 
IMPLICIT REAL*8{A-H,0-Z) 
DIMENSION A(40),DA(40),U(40,100),TS(40),TB(100),AFM(40,40), 
1ASM(40,40),AN(40,40),W(40,40),Y(40),DF(100),AP(40),SC(40), 
BS{40),2PF(100),FP(100),TC(100),TD(100),PFP(100), IC(IOO) 
DIMENSION DW(40,40) 
DIMENSION KPVT(40),Z(40),WORK(40),DET (2),INERT(3) 
DIMENSION EF(IOO),FPI(100) 
DIMENSION PIF(IOO) 
DIMENSION ESL(40),ESH(40) 
REAL*4 WORD 
REAL*4 CCOV,AOM 
C 
C NFL IS USED FOR SETTING DATA IN ENDF FORMAT; NOT CIMPORTANT TO 
C STAYSL CALCULATION 
C 
CHARACTER*5 NFL 
COMMON /NAME/ WORD(40,4),IPNT,IDM(40),NFL 
COMMON /INPUT/ KA,KG,AO(40),AOM(40,40),F(100) 
COMMON /EFLUX/ EL(lOl),FC0V(100),0(40,100) 
COMMON /COVX/ FCHN,FCVX,FMAX,FC,FS,CCOV(40,100) 
COMMON /MC2/ NREG(40),NRLIM(40,100),IREA(40,2),NFND 
COMMON /CTRL/ AKI,NOR,ILOG,TIME 
C 
C ACTIVATION DATA 
C 
CALL STAYIN(ACNM) 
VAK=FFVAK=2.0-VAK 
FV=FC**2 
FVK=1.0-FV 
FS2-FS*FS 
IF(KA.LT.O) GO TO 97 
100 FORMAT(2F10.2,2I5,F10.2) 
C 
C ACTIVATION COV 
C 
DO 1 1=1,KA 
1 AO(I)=AO(I)*1.0E+24 
DO 2 I-1,KA 
DO 2 J-I,KA 
AOMd, J)-AOM(I, J)*AO(I)*AO(J) 
2 AOM(J,I)-AOM(I,J) 
C 
C FLUX DATA IF(TIME.EQ.0.0)TIME-1.0 
C 
AK-AKl 
C 
C CONVERT TO GROUP FLUX 
C 
DO 120 1=1,KG 
J-I+1 
120 F(I)-F(I)*(EL(J)-EL(I)) 
WRITE(27,802) 
802 FORMAT('REGROUP FLUXES') WRITE(27,43)(F(I),I-l,KG) 
C 
131) 
C CROSS SECTIONS 
KGP-KG+1 
DO 93 I-1,KA 
C 
C CONVERT FROM BARNS TO CM**2 A{I)-0. 
C 
DO 3 J-1,KG 
C(I,J) -C(I,J) *P(J) 
3 A(I)-A(I)+C(I,J) 
IF(IPNT.NE.3) GO TO 93 WRITE(17,92)(WORD(I,KK)jKK-l,4) 
92 FORMAT(4A4) WRITE(17,313)(C(I,J),J=I,KG) 
313 FORMAT(1P7E11.4) 
93 CONTINUE 
IF(AO(I).GT.0.0) GO TO 150 
WRITE(6,303) 
WRITE(6,312) ((A(I), (W OR D(I,J),J -1,4)),I= 1,KA) 
312 FORMAT(45X,1PE14.3,17X,4A4) 
N<=1.0 
WRITE(6,305)AK 
KT-KG 
FPI(KG)-F(KG) 
DO 340 1=2,KG 
KJ-KT 
KT-KT-1 
340 FPI(KT)-FPI(KJ)+F(KT) 
DO 350 1=1,KG 
J-I+1 
DE=EL(J)-EL(I) 
350 F(I)=F(I)/DE 
WRITE(6,34 I)((I,E L(I),F(I),F PI(I)),1=1,KG) 
341 F0RMAT(I4,1PE12.3,2E14.3) 
KGP=KG+1 
WRITE(24,42)KGP 
WRITE(24,43)(EL(J),J=1,KGP) 
WRITE(24,44) 
WRITE(24,43)(F(I),1-1,KG) 
WRITE(26,87)KA,AK 
87 FORMAT(14,E12.3) 
DO 88 1=1,KA 
A(I)=A(I)*1.0E-24 
88 WRITE(26,89)((IREA(I,J),J= 1,2),A(I)) 
89 FORMAT(2A4,2X,IPEIO.3) 
GO TO 97 
150 CONTINUE 
IF (AK.NE.O.) GO TO 31 
C1=0. 
C2-0. 
C3-1. 
DO 4 1=1,KA 
IF (NOR.EQ.O) C3=A0M(I,I) 
IF (NOR.EQ.l) C3=A0{I)*A0{I) 
C1=C1+A0(I)*A(I)/C3 
4 C2=C2+A(I)*A(I)/C3 
AK-C1/C2 
31 CONTINUE 
DO 5 1=1,KA 
A(I)=A(I)*AK 
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DA(I)-AO(I)-A(I) 
TS(I)-DA(I)/AO(I) 
DO 5 J-1,KG 
5 C{I, J)-C(I,J)*AK 
DO 6 1-1,KG 
6 F(I)-F(1)*AK 
C 
C FLUX GOV 
C 
IFMX-INT(3.*FCHN) 
DO 7 I-1,KA 
DO 7 J-1,KG 
7 U(I,J)-0. 
KP=1 
S=0. 
SV=0. 
DO 8 J=1,KG 
S-S+F(J) 
DO 220 L-1,KG 
IF(J.EQ.L) GO TO 230 
M=IABS(J-L) 
IF(M.GT.IFMX) GO TO 225 
IF(FVAK.EQ.O.) GO TO 225 
XM=DFLOAT(M) 
XQ=0.707*XM/FCHN 
XQ-XQ*XQ 
TB(L)-DEXP(-XQ) 
TB (L) -VAK+FVAK*TB (L) *TB (L) *FCOV (J) *FCOV (L) 
GO TO 220 
230 TB(L)-VAK+FVAK*FCOV(L)**2 
GO TO 220 
225 TB(I.)-VAK 
220 CONTINUE 
DO 56 L=1,KG 
56 SV-SV+TB(L)*F(J)*F(L) PF(J)-DSQRT(TB(KP)) 
WRITE (3) (TB(L),L-KP,KG) 
KP-KP+1 
DO 8 1=1,KA 
DO 8 L=1,KG 
8 U(I, J)=U{I, J)+TB(L) *C(I,L) 
REWIND 3 
DO 10 I-1,KA 
DO 10 J-I,KA 
AFM(I,J)-0. 
DO 9 L=0,KG 
9 AFM(I,J)-AFM(I, J)+C{I,L)*U(J,Xi) 
10 AFM(J,I)-AFM(I, J) 
DO 12 I-1,KA 
DO 11 J-I,KA 
11 TS(J)-AFM{I,J)/(A(I)*A(J)) 
12 CONTINUE 
C X - SECTION COV 
IFMT-INT(3.*FMAX) 
DO 16 I-1,KA 
DO 16 J-I,KA 
ASM(I,J)-0. 
IF(I.EQ.J) GO Tq 180 
GO TO 600 
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180 CONTINUE 
DO 14 K-1,KG 
C1=0. 
DO 13 L-1,KG 
IF(K.EQ.L) GO TO 621 
M=IABS(K-L) 
IF(M.GT.IFMT) GO TO 622 
XM-DFLOAT(M) 
XQ=0.707*XM/FMAX 
XQ-XQ*XQ 
TB (L)-DEXP (XQ) 
TB(L)-FV+FVK*TB(L)*TB(L)*CCOV(I,L)*CCOV(I, K) 
GO TO 13 
621 TB(L)= FV+FVK*CCOV(I,L)*CCOV<I,L) 
GO TO 13 
622 TB(L)-FV 
13 C1=C1+TB(L)*C(J,L) 
14 ASMd, J)-ASM(I, J)+C1*C{I,K) 
GO TO 15 
600 ASM(I,J)=FS2*A(I)*A{J) 
15 CONTINUE 
16 ASM {J, I)-ASM (I, J) 
DO 18 I-1,KA 
DO 17 J=I,KA 
17 TS(J)=ASMd,J)/(A(I)*A(J)) 
18 CONTINUE 
DO 19 1=1,84 
DO 19 J-I,KA 
AN (I, J) "AOM (I, J)+AFM (I, J)+ASM (I, J) 
19 AN (J, I)-AN (I, J) 
CALL SCALE (AN,BS,KA) 
DO 40 1=1,KA 
DO 40 J-1,KA 
40 DW(I, J)-ANd, J) 
KD-KA 
CALL DGECO(DW,40,KD,KPVT,RCOND,Z) 
J0B=11 
TCOND-RCOND+1.0 
IF(TCOND.NE.I.O) GO TO 34 
WRITE(6,1000)RCOND 
1000 FORMAT (' RUN ABORTED N-MATRIX',EII.4) 
DO 33 1=1,KA 
33 WRITE(6,1001)(AN(I,J),J-I,KA) 
1001 FORMAT(1P20E12.3) 
CALL EXIT 
34 CALL DGEDKDW, 40, KD,KPVT,DET, WORK, JOB) 
DO 21 1=1,KA 
DO 21 J-1,KA 
21 W(I,J)=DW(I,J) 
CALL RESCAL (W,BS,KA) 
E-0.0 
DO 90 I-1,KA 
DO 90 J-1,KA 
IF(I.EQ.J) GO TO 90 
DO 91 L=1,KA 
91 E-E+AN(I,L)*W(L,J)*BS(I) 
90 CONTINUE 
FKA-DFLOAT(KA) 
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FKA-FKA*(FKA-1) 
E-E/FKA 
WRITE(6,80)DET(1),DET(2),E 
80 FORMAT(/2X,'DETBRM - ',F7.3,'*10**',F7.2,2X,'ERROR 
1 ',11PE12.3/) 
DO 22 I-1,KA 
Y(I)-0. 
DO 22 J-1,KA 
22 Y(I)-Ï{I)+W{I,J)*DA(J) 
DO 23 L-1,KG 
DF{L)-0. 
DO 23 I-l,Ki» 
23 DF(L)-DF(L)+Y(I)*U(I,L) 
CHI-0. 
DO 24 I-1,KA 
SC(I)-DA(I)*Y(I) 
24 CHI-CHI+SC(I) 
IPOS-1 
DO 25 1=1,KG 
TB(I).l.+DF(I) 
C 
C ADDED TO PREVENT NEGATIVE FLUX SOLUTIONS 
C 
IF(ILOG.GT.O) GO TO 25 
IF(TB{I).GT.0.2) GO TO 25 
TB(I)-0.44*DEXP(DF(I)) 
IP0S=-1 
25 FP(I)-TB(I)*F(I) 
DO 26 I-1,KA 
AP(I)=0. 
DO 26 J=1,KG 
26 AP{I)-AP(I)+C(I, J)*TB(J) 
DO 38 1-1,04 
SUM-0.0 
ESLd)—1.0 
ESH(I)—1.0 
DO 36 J-1,KG 
SUM-SUM+C (I, J) *TB (J) /AP (I) 
IF(ESL(I).GT.O.O) GO TO 37 
IF(SUM.GT.0.05) ESL(I)=EL(J) 
37 IF(ESH(I).GT.O.O) GO T@ 38 
36 IF(SUM.GT.0.95) ESH{I)-EL(J) 
38 CONTINUE 
SP-O. 
SVP-0. 
KT-KG 
FPI(KG)=FP(KG) 
DO 28 K=1,KG 
KS-KT-1 
IF (K.NE.KG) FPI (KS) -FPI (KT) +FP (KS) 
KT-KT-1 
SP-SP+FP(K) 
DO 27 L=K,KG 
TB(L)-0. 
DO 27 I-1,KA 
DO 27 J-i,KA 
27 TB (L) -TB (L) -W (I, J) *U (I, K) *U (J, L) 
READ (3) {TC(KP),KP-K,KG) 
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DO 30 M-K,KG 
30 TD (M)-TC (M)+TB (M) 
SVP-SVP+TD (K) *FP (K) *FP (K) 
IF (K.EQ.KG) GO TO 58 
KQ-K+1 
DO 57 M=KQ,KG 
57 SVP-SVP+2. *TD (M) *FP (K) *FP (M) 
58 CONTINUE 
PFP(K)-DSQRT(TD(K)) 
WRITE(4)(TD(KP),KP=eKG) 
28 CONTINUE 
REWIND 3 
REWIND 4 
WRITE (6,310) AKI,VAK,NOR,AK,CHI 
310 FORMAT(IHl,' INPUT NORMALIZATION DATA'/ 
11X,'AK1-',F10.4,' VAK-',F10.5,' N0RM=',I2,' RENORM= ', 
2F10.4,' CHI 2 -',F10.4) 
IF(IPOS.LT.O) WRITE(6,85) 
85 FORMAT(15X,'LOGARITHMIC LIMIT ON LOW FLUXES') 
WRITE (6,303) 
303 FORMAT (IHO,'DOSIMETRY ACTIVITIES'/, 
11H0,5X,'MEASURED +0R- %',7X,'BEFORE DIFF %',8X, 
2'AFTER DIFF %',5X,'CHI',4X,'RE0CTION',lOX, ' 90 % 
3LIMITS'/) 
C 
C COMPUTE STANDARD DEVIATIONS 
C 
SD1=0.0 
SD2-0.0 
CDl-0.0 
CD2=0.0 
DO 50 1=1,KA 
CI- (AO(I)-A(I))/AO(I) 
C2- (AO (I) -AP (I) ) /AO(I) 
C4=(A0(I)-A(I) ) 
C5-{A0(I)-AP(I)) 
SD1-SD1+C1*C1 
SD2=5D2+C2*C2 
CD1-CD1+C4*C4/A0M(I,I) 
CD2-CD2+C5*C5/AOM(I,I) 
TS(I)-SQRT(AOM(I,I) ) 
C3-TS(I)/A0(I) 
50 WRITE(6,304) 
I,AO(I),C3,A(I),CI,AP(I),C2,SC(I),(WORD(I,J),J-1,4), 
1IDM(I),ESL(I),ESH(I) 
304 FORMAT(13,1PE12.3,2PF8.2,1PE14.3,2PF8.2,IPE14.3, 
12PF8.2,0PF8.3,IX,4A4,A4,1P2E10.2) 
DZ-KA-1 
SD1-DSQRT(SDI/DZ) 
SD2=DSQRT(SD2/DZ) 
WRITE(6,301) SD1,SD2 
301 FORMAT(/5X,'STD. DEV. - ',20X,2PF8.2,14X,2PF8.2/) 
WRITE(6,302) CD1,CD2 
302 FORMAT(5X,'CHISQ - ',20X,F8.2,14X,F8.2/) 
Cl-CHI/KA 
IF (Cl.LT..3.0R.C1.GT.2.) WRITE (6,318) 
WRITE (6,319) 
319 FORMAT (IHl,'DOSIMETRY DATA INPUT CORRELATION MATRIX',/) DO 
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64 I-1,KA 
DO 63 J-1,I 
63 IC(J)-1000.*AOM(I,J)/{TS(I)*TS{J))+.5 
64 WRITE (6,324) I,(IC(J),J-1,I) 
324 FORMAT(2X,3014) 
WRITE(6,323) 
323 FORMAT (IHO,'RELATIVE COV. MATRIX OF ACTIVITIES'/, 
IIHO,9X,lOX,' CORRELATION MATRIX'/) 
DO 65 I-1,KA 
65 TS(I)-DSQRT(AFM(I,I)+ASM(I,I)) 
DO 67 1=1,KA 
Y(I)=TS(I)/A(I) 
DO 66 J-1,I 
66 IC(J)= 1000.*(AFM(I,J)+ASM{I,J))/(TS(I)*TS{J))+.5 
67 WRITE (6,320) I,Y(I),(IC(J),J=l,I) 
320 FORMAT(IX,I 3,2 PF6. 2,IX,301 4/ 12 X,20I4) 
WRITE (6,321) 
321 FORMAT (/IHO,'CONTRIBUTION DUE TO INPUT FLUX COV. 
1MATRIX'/,1H0,9X,' %',10X,' CORRELATION MATRIX'/) 
DO 68 1=1,KA 
68 TS(I)=DSQRT(AFM(I,I)) 
DO 70 1=1,KA 
Y(I)-TS(I)/A(I) 
DO 69 J-1,I 
69 IC(J)= 1000.*AFM(I,J)/(TS(I)*TS(J))+.5 
70 WRITE (6,320) I,Y(I),(IC(J),J=l,I) 
WRITE (6,322) 
322 FORMAT (/IHO,'CONTRIBUTION DUE TO INPUT X-SEC. COV. 
1MATRIX'/,1H0,9X,' %',10X,' CORRELATION MATRIX'/) 
DO 71 1=1,KA 
71 TS(I)=DSQRT(ASM(I,I)) 
DO 73 1=0 00 
Y(I)=TS(I)/A(I) 
DO 72 J-1,I 
72 IC(J)=1000.+ASM(I,J)/TS(I)*TS(J))+.5 
73 WRITE (6,320) I,Y(I),(IC(J),J-1,I) 
DO 20 I-1,KA 
DO 20 J-1,KG 
IF(F(J).EQ.O.O) GO TO 20 
C(I,J)=C(I,J) /F(J) 
20 CONTINUE 
IF(IPNT.GT.O) GO TO 60 
WRITE (6,314) 
314 FORMAT (IHI,' INPUT DOSIMETRY X-SECTIONS (ENDF/B LAW 
1)',1/IH0, ' G ENERGY',lOX,'X-SECTIONS',/) 
IF (KA.GT.IO) GO TO 59 
DO 29 I-1,KG 
29 WRITE (6,315) I,EL(I),(C(K,I),K=1,KA) 
315 FORMAT (IX,13,IPIIEIO.3) 
GO TO 60 
59 WRITE(6,316) 
316 FORMAT (IHO,50X,'1 THROUGH 10') 
DO 61 1=1,KG 
61 WRITE (6,315) I,EL(I),(C(K,I),K=1,10) 
WRITE (6,314) 
KZ-KA 
IF(KZ.GT.20) KZ-20 
WRITE (6,317) KA 
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317 FORMAT (1HO,50X,'11 THROUGH',13) 
DO 62 I-1,KG 
2 WRITE (6,315) I,EL(I),{C(K,I),K-11,KZ) 
60 CONTINUE 
318 FORMAT (/1HO,20X,' CHECK INPUT IT IS RATHER UNLIKELY '/, 
11HO,20X '****** BEWARE OF OUTPUT *****"/) WRITE (6,305) 
2AK 
305 FORMAT (IHI,'DIFFERENTIAL FLUXES INPUT NORMALIZED BY 
1',F10.4/1HO,' G',6 X,'ENERG Y',IIX,' NEW',IIX,'0 
2LD',3X,'RATIO',22X,'STD DEV % NEW OLD',3X,'RATIO',3X, 
3'INTEGRAL FLUX',' +-%'/) 
SUM-SVP 
SQ-SP 
KG2-KG-1 
DO 82 I-1,KG2 
SQ-SQ-FP(I) 
READ(4) (TB(L),L-I,KG) 
M=I+1 
SUM=SUM-TB (I) *FP (I) *FP (I) 
DO 83 J=M,KG 
83 SUM-SUM-2.*TB{J)*FP(J)*FP(I) 
IF(SUM.LT.0.0) SUM=ABS(SUM) 
PIF(M)-DSQRT(SUM)/SQ 
82 CONTINUE 
PIF(1)"DSQRT(SVP)/SP 
REWIND 4 
DO 51 I-1,KG 
IF(F(I).EQ.0.0) GO TO 75 
C1-FP(I)/F(I) 
75 CONTINUE 
C2-PFP(I)/PF(I) 
J=I+1 
DE=EL(J)-EL(I) 
FP(I)-FP(I)/DE 
F(I)=F(I)/DE 
51 WR1TE(6,306) I,BL{I),FP(I),F(I),CI,PFP(I),PF(I),C2, 
1FPI(I),PIF(I) 
306 FORMAT (I4,1PE12.3,2E14.3,0PF8.3,9X,2PF6.2,2X,2PF6.2, 
10PF8.3,11PE14.3,2PF6.2) 
WRITE(7,541)NFL 
541 FORMAT(71X,'FLO',IX,A5) 
WRITE(7,546)NFL 
546 FORMAT(2X,'OUTPUT FLUX SPECTRUM',T72,'FLO',T76,A5) 
CALL FILEM(FP,I,KG,'FLO',NFL) 
542 FORMAT(1P7E10.3) 
C1=DSQRT(SV)/S 
C1P=DSQRT(SVP)/SP 
WRITE (6,311) S,CI,SP,CIP 
311 FORMAT (IHO,'INTEGRALS OF SPECTRA'/ 
IIHO,' OLD SPECTRUM ',1PE12.3,' +0R- ' 2PF7.3,' %'/ 
21H0,' NEW SPECTRUM ',1PE12.3,' +0R- ' 2PF7.3,' %') 
WRITE(4520) 
520 FORMAT (IHI///15X,2{6X,'ENERGY',9X,' FLUX',7X,' 
1SDBV',5X)/J KGH-KG/2 
DO 500 1=1,KGH 
J-I+KGH 
WRITE(6,510) EL(I),FP(I),PFP(I),EL(J),FP(J),PFP(J) 
510 FORMAT(15X,2(1P2E14.3,2PF8.2,5X)) 
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500 CONTINUE 
KGP-KG+1 
WRITE(24,42) KGP 
42 FORMAT(15) 
WRITE(24,43)(EL(J),J-1,KGP) 
WRITE(27,803) 
803 FORMAT('REGROUP ENERGIES') WRITE(27,43)(EL(J),J-1,KGP) 
WRITE(17,805) 
805 FORMATCSTAYSL ENERGY') WRITE(17,43)(EL(J),J=I,KGP) 
43 FORMAT(1P7E11.3) 
WRITE(24,44) 
44 FORMAT('(I)NPUT (S)PECTRUM$',T33,'2') WRITE(24,43)(F(I),1=1,KG) 
WRITE(24,45) 
45 FORMAT ('(OUTPUT (S) PECTRUM$',T33, '2') WRITE (24, 43) (FP (I), I-1,KG) 
WRITE(24, 46) 
46 FORMAT('(O)UTPUT (S)PECTRUM$',T33,'2') WRITE(24,43)(FP(I),I-1,KG) 
DO 47 I-1,KG 
47 EF(I)=FP(I)*(1.0+PFP(I)) 
WRITE(24,48) 
48 FORMAT('(P)LUS (S)IGMA$',T33,'2') 
WRITE(24,43)(EF(I),I=1,KG) 
DO 49 1=1,KG 
49 EF(I)=FP(I)*(1.0-PFP(I)) 
WRITE(24, 41) 
41 FORMAT('(M)INUS (S)I6MA$',T33,'2') 
WRITE (24,43)(EF(I),1-1,KG) 
C 
C UNIT 15 FILES FOR SPECTER KSPECT-1 
C 
WRITE(15,401)KG,KSPECT 
WRITE(15,400)(EL(I),1=1,KGP) 
WRITE(15,400)(FP(I),1-1,KG) 
WRITE(7,543)NFL 
543 FORMAT(71X,'FCV',IX,A5) 
WRITE(7,544)NFL 
544 FORMAT(2X,'FLUX OUTPUT COVARIANCES',T72,'FCV,T76,A5) 
IDO 99 I-1,KG 
READ(4)(TB(L),L-I,KG) 
CALL FILEM(TB,I,KG,'FCV',NFL) 
99 WRITE(15,40O)(TB(L),L-I,KG) 
400 F0RMAT(1P8E10.3) 
401 FORMAT(215) 
REWIND 4 
CALL CLAP(TIME,NFL,ACNM,CIP) 
IF(IPNT.EQ.2) GO TO 97 
WRITE (6,307) 
307 FORMAT (IHI,'INPUT FLUX CORRELATION MATRIX', 
1' (BY ROW FROM DIAGONAL)',/) 
DO 53 I-1,KG 
READ (3) (TB(L),L-I,KG) 
IF(I.GT.l.AND.IPNT.GT.O) GO TO 410 
DO 52 J=I,KG 
52 IC(J)= 1000.*TB(J)/(PF(I)*PF(J))+.5 
53 WRITE (6,308) I,(IC(L),L-I,KG) 
308 FORMAT (IX,13,IX,2514/10(5X,2514/)) 
410 CONTINUE 
WRITE (6,309) 
309 FORMAT (IHI,'OUTPUT FLUX CORRELATION MATRIX',1' (BY ROW 
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IFROM DIAGONAL)' , /) 
DO 55 1=1,KG 
READ(4)(TB(L),L-I,KG) 
DO 54 J=I,KG 
54 IC(J)- 1000.*TB{J)/(PFP(I)*PFP{J))+.5 
55 WRITE (6,308) I,{IC(L),L-I,KG) 
97 STOP 
END 
SUBROUTINE SCALE (A,B,KA) 
IMPLICIT REAL*8(A-H,0-Z) 
DIMENSION A(40,40),B(40) 
DO 1 I-1,KA 
B{I)-A(I,1) 
DO 1 J=2,KA 
IF (B(I).GT.A(I,J)) GO TO 1 
B(I)-A(I, J) 
1 CONTINUE 
DO 2 I-1,KA 
DO 2 J«1,KA 
2 A{I,J)-A(I,J)/B(I) 
RETURN 
END 
SUBROUTINE RESCAL (A,B,KA) 
IMPLICIT REAL*8(A-H,0-Z) 
DIMENSION A(40,40),B(40) 
DO 1 I-1,KA 
DO 1 J-1,KA 
1 A(I,J)=A(I,J)/B(J) 
RETURN 
END 
SUBROUTINE CLAP(TIME,NFL,ACNM,CIP) 
C 
C COLLAPSE SUBROUTINE FOR STAYSL 
C 
CHARACTER*5 NFL 
DIMENSION E(101),F(100),COV(100,100),N(10),XC(10),X(10), 
lEX(lO) 
DIMENSION XNM(IO),N 1(10),N 2(10),XCOV(10,10) 
1ICOV(10,10) 
DIMENSION FN(IOO),XN(100) 
DIMENSION TITLE(20) 
READ(15) (N(I),I=1,10) 
REWIND 15 
READ(15,80)(TITLE(I),1-1,20) 
READ(15,*)II,12,13,14,ACNl,TIMl 
80 FORMAT(20A4) 
READ(15,1) KG 
KGP-KG+1 
READ(15,2)(E(I),I=I,KGP) 
READ(15,2)(F(I),I-I,KG) 
DO 3 I-1,KG 
3 READ(15,2)(COV(I,J),J=I,KG) 
1 FORMAT(15) 
2 FORMAT(8E10.3) 
DO 4 1-2,KG 
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K-I-1 
DO 4 J-1,K 
4 COV(I,J)=COV(J,I) 
RUM=0.0 
DO 5 1-1,KG 
M-I+1 
F(I)-F(I)*(E(M) -Ed)) 
5 RUN-RUM+F(I) 
FNM-RUM 
FLM-FNM*TIME/ACNM 
DO 6 I-1,KG 
6 FN(I)-F(I)/FNM 
C 
C SUM FLUXES AND UNCERTAINTIES 
C 
NL-1 
NH=N(1) 
Nl(l)-1 
N2(1)»NH 
DO 10 K=l,10 
EX(K)-E(NL) 
BUM=0.0 
SUM-0.0 
DO 12 I=NL,NH 
BUM-BUM+F(I) 
DO 12 J-NL,NH 
12 SUM-SUM+COV(I,J)*F(I)*F(J) 
XC(K)-SORT(SUM)/BUM 
XCOV (K, K) =XC (K) *XC (K) 
X(K)-BUM 
XN (K)-X (K)/FNM 
XNM (K)-BUM*TIME/ACNM 
N1(K)-NL 
NL-NL+N(K) 
KK-K+1 
IF(KK.GT.IO) KK-10 
N2(K)-NH 
10 NH-NH+N(KK) 
C 
C COLLAPSE 100X100 COVARIANCES TO 10X10 
C 
DO 20 K=l,9 
NL1-N4K) 
NH1-N2(K) 
MM-K+1 
DO 20 JJ=MM,10 
NL2-N1(JJ) 
NH2-N2(JJ) 
SUM-0.0 
DO 26 I-NL1,NH1 
DO 26 J-NL2,NH2 
26 SUM-SUM+COV(I,J)*FN{I)*FN(J) 
20 XCOV(K,JJ)-SUM/(XN(K)*XN(JJ)) 
DO 27 1-1,10 
DO 27 J-1,10 
27 ICOVd,J)-1000.* XC0V(I,J)/(XC(I)*XC(J>)+.5 
WRITE(6,50) 
WRITE(6,51)TIME,ACNM 
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51 FORMAT(15X,' IRRAD TIME(S)=',IPEIO.3,' ACT NORM -
l',lPE10.3/) 
50 FORMAT{1H1//,10X,'SUMMARY OF BROAD-GROUP FLUXES, 
IFLUENCES,','AND UNCERTAINTIES'//) 
WRITE(6,57) 
WRITE(6,41)FNM,FLM,CIP 
57 FORMAT(18X,' ENERGY',8X,' FLUX',8X,' FLUENCE',6X, ' 
ISDEV /) 
41 FORMAT{16X,'TOTAL',6X,1P2E12.3,' +/-',2PF6.2/) 
DO 28 K=l,10 
28 WRITE{6,30)EX{K),X(K),XNM{K),XC(K) 
30 FORMAT(15X,1P3E12.3,' +/-' 2PF6.2) 
WRITE(6,36) 
36 FORMAT(//14X,'RELATIVE COVARIANCES(10X10)'/) 
DO 32 1=1,10 
32 WRITE(6,35)(ICOV(I,J),J-1,10) 
35 FORMAT(14X,1015) 
MRITE(7,70)NFL 
70 FORMAT(71X,'FSM',IX,A5) 
WRITE(7,73)NFL 
73 FORMAT(2X,' SUMMARY(E,FLUX,FLUENCE,SDE V)',T72,' 
1FSM',T76,A5) 
DO 71 K=l,10 
71 WRITE(7,72)EX(K),X(K),XNM(K),XC(K),NFL 
72 FORMAT(1P4E10.3,31X,'FSM',1X,A5) 
RETURN 
END 
SUBROUTINE FILEM(X,IS,N,IP,NFL) 
REAL*8 X 
CHARACTER*3 IP 
CHARACTER*5 NFL 
DIMENSION X(IOO) 
DO 1 JK-IS,N,7 
JQ=JK+6 
IF(JQ.GT.N)JQ=N 
KK=JQ-JK+1 
KJ=JK 
1 WRITE(7,2)(X(I),I=KJ,JQ),IP,NFL 
2 FORMAT(1PKKE10.3,T72,A3,T76,A5) 
RETURN 
END 
SUBROUTINE STAYIN(ACNM) 
IMPLICIT REAL*8(A-H,0-Z) 
CHARACTER*5 NFL 
REAL*4 DUMY,CLAM,ENER,SIGCD,WORD,SIGMAO 
REAL* 4 SDL,CCOV,ACOV,CD,SDA 
DIMENSION ENER(101),SIGMAO(40,100) 
COMMON /MC2/ NREG(40),NRLIM(40,100),IREA(40,2),NFND 
COMMON /MC3/ SDL(4O,100) 
DIMENSION SIGCD(IOO),SIGDUM(100),CD(40),NAME(5),DEN(5) 
COMMON /NAME/ WORD(40,4),IPNT,IDM(40),NFL 
DIMENSION SDA(40) 
COMMON /RKEEP/ INGP 
DIMENSION NTITLE(18),EIN(200) 
DIMENSION FAN(101) 
DIMENSION IRSH(40,2),FSHLD(40) 
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DIMENSION ITCV(40) 
COMMON /INPUT/ NF0IL,KG,ACT(40),AC0V(40,40),FIDIFB(100) 
COMMON /E FLUX/E L(lOl),F(100),C(40,100) 
COMMON /COVX/ FCHN,FCOV,FMAX,FC,FS,CCOV(40,100) 
COMMON /CTRL/ AKI,NOR,ILOG,TIME 
DATA IBN,IIN /'BEAM','ISTP'/ 
DATA NAME /'CADM','BORO','GOLD','GADO','HAFN'/ 
DATA DEN /I.177,3.300,1.500,0.767,1.107/ 
C 
C READ TITLE-CONTROL PARAMETERS-WRITE IDENTIFICATION 
C 
READ (5, 112) NFL, (NTITLE (I) , I-l, 17) 
READ(5,100)KG,NFOIL,IPNT,lACT,KQT 
100 FORMAT(2015) 
READ(5,*)ACVX,FCHN,FCOV,FMAX,FC,FS,ACNM READ(5,*)AKI,NOR,ILOG,TIME 
IF(ACNM.EQ.0.)ACNM-1.0 
WRITE(6,113)NFL,(NTITLE(I),1=1,17) 
113 FORMAT(2X,A5,17A4) 
WRITE(6,100)KG,NFOIL,IPNT,IACT,KQT 
WRITE(6,200)ACVX,FCHN,FCOV,FMAX,FC,FS,ACNM 
WRITE(6,201)AKI,NOR,ILOG,TIME 
201 FORMAT(F10.4,2I4,1PE11.4) 
WRITE(7,130)NFL 
130 FORMAT(71X,'IDN',IX,A5) 
WRITE(7,131)(NTITLE(I),1=1,17),NFL 
131 FORMAT(17A4,3X,'IDN',IX,A5) 
WRITE(7,133)NFL 
133 FORMAT(71X,'ACT',IX,A5) 
WRITE(7,138)NFL 
138 FORMAT(2X,'INPUT ACTIVITIES',T72,'ACT',T76,A5) 
C 
C WRITE TITLE AND CONTROLS FOR SPECTER 
C 
WRITE(15,112)NFL,(NTIT LE(I),I= 1,17) 
WRITE(15,115)ACNM,TIME 
115 FORMAT(' 2001 ',1P2E11.4) 
C 
C READ IN MEASURED ACTIVITIES 
C 
DO 108 I-1,NF0IL 
READ(5,107) (IREAd, J), J- 1,2), ACT (I), SDA(I) , I DM(I), 
IITCV(I),CD(I),XISFH,IRSH(1,1),FSHLD(I),IRSH(1,2) 
108 WRITE (6,109) (IREAd, J), J -1,2), ACT (I), SDA(I) , IDM(I), 
IITCV(I),CD(I),XISFH,IRSH(I,1),FSHLD(I),IRSH(I,2) 
107 FORMAT(2A4,E10.3,F6.2,A4,2X,A4,F6 .2,A4,2X,A4,F6 .2,A 4) 
109 FORMAT(3X,2A4,IPEl0.3,0 PF6.2,A4,2X,A4,F6.2,A4,2X, 
1A4,F6.2,A4) DO 137 I-1,NF0IL 
ACT(I)-ACT(I)*ACNM 
137 WRITE (7,132)(IREA(I,J),J-1,2),ACT(I),SDA(I),IDM(I), 
IITCV(I),CD(I),XISFH,IRSH(1,1),FSHLD(I),IRSH(I,2),NFL 
132 FORMAT(2X,2A4,IPEIO.3,0PF6.2,A4,2X,A4,F6.2, 
1A4,2X,A4,F 6.2,A4,9X, 1'ACT',IX,A5) 
C 
C READ PRIMARY ENERGY AND CROSS SECTIONS 
C 
REWIND 10 
READ(10,14)M 
14 FORMAT(14) 
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READ(10,11(ENER(I),1=1,M) 
11 FORMAT(7E11.4) 
DO 10 I-1,M 
10 EL(I)-BNER(I) 
NGROUP-M-1 
IF(IACT.EQ.I) GO TO 15 
C 
C READ IN FLUX VARIANCES 
C 
CALLFIIST(F,NGR0UP,EL,EIN,0,NFL,I) 
15 CONTINUE 
NFND=0 
NFLG=NFOIL 
DO 777 IF=1,NFLG 
REWIND 10 
C 
C SKIP OVER ENERGY GRID AND COVER REACTIONS 
C 
READ(10,14)M 
READ(10,11)(ENER(I),I=1,M) 
READ(10,14)INCVR 
ICFD=0 
DO 30 IDUM=1,INCVR 
READ(10,12) IDCV 
12 FORMAT(2A4,4A4) 
IF(IDM(IF).EQ.NAME(IDUM)) GO TO 35 
READ(10,11)(SIGDUM(I),I=1,NGR0UP) 
GO TO 30 
35 READ(10,11) (SIGCD(I),I»1,NGR0UP) 
ICV=IDUM 
ICFD=1 
30 CONTINUE 
IF(TCFD.EQ.O.AND.CD(IF).GT.0.00) GO TO 96 
C 
C CROSS SECTIONS FROM HECSTAPE 
C 
READ (10,14)NLIB 
C 
C EXAMINE FOILS ON TAPE IN ORDER 
C 
DO 770 ILIB"1,NLIB 
READ (10,12)INAM,JNAM,(WORD(IF,L),L=l,4) 
C 
C SEARCH INPUT FOILS FOR MATCH TO TAPE FOIL 
C 
IF(IREA(IF,1).EQ.INAM.AND.IREA(IF,2).EQ.JNAM) GO TO 750 
C 
C IF NO INPWT FOILS MATCH,C READ PAST LAMBDA AND TAPE FOIL CCROSS 
C SECTION TABULATION 
C 
READ (10,II)DUMY 
READ (10,11) (SIG MA0(IF,J),J=1,NGR0 UP) 
GO TO 770 
C 
C IF INPUT FOIL MATCHES, 
C READ LAMBDA AND CROSS SECTION TABULATION 
C 
148 
750 NFND=NFND+1 
READ (10,11)CLAM 
READ (10,11) (SIGMAOd F,J),J -1,NGR0U P) 
DO 20 J-1,NGR0UP 
20 C(IF,J)=SIGMAO(IF, J) 
IF(ICFD.EQ.O) GO TO 776 
C 
C CORRECT FOR CADMIUM COVER 
C 
DO 772 J=1,NGR0UP 
S" (l.E-4) *DEN(ICV) *CD (@F) *SIGCD (J) 
IF(ITCV(IF).EQ.IBN)FCV-DEXP(-S) 
IF{ITCV(IF).EQ.IIN) FCV-E2(S) 
IF(IPNT.EQ.4) 
WRITE(17,773)EL(J),FCV,S,DEN(ICV),CD(IF),SIGCD(J) 
773 FORMAT(2X,1P6E11.4) 
772 C(IF,J)=C(IF,J)*FCV 
C 
C CORRECT FOR SELF-SHIELDING DATA ON ATAPE 13 
C 
776 IF(FSHLD(IF).EQ.0.0) GO TO 777 
725 READ(13,720,END-99) INAM,JNAM,KNAM,THK,NSH,LNAM 
720 FORMAT(3A4,E10.3,I4,A4) 
READ(13,722)(FAN(K),K-1,NSH) 
722 FORMAT(8E10.3) 
IF{INAM.EQ.IREA(IF,1).AND.KNAM.EQ.IRSH(IF,1).AND. 
ITHK.EQ.FSHLD(IF)) GO TO 724 
GO TO 725 
724 IF(IRSH(IF,2).NE.LNAM) GO TO 725 
GO TO 721 
99 WRITE(6,723) 
723 FORMAT(/2X,'REQUESTED SELF-SHIELDING NOT FOUND') 
NF0IL--1 
GO TO 66 
96 WRITE(6,94)IF,IDM(IF) 
94 FORMAT(/2X,'REQUESTED COVER NOT FOUND',14,2X,A4) 
NF0IL=-1 
GO TO 66 
721 DO 726 J=1,NGR0UP 
726 C(IF,J)=C(IF,J)*FAN(J) 
REWIND 13 
GO TO 777 
770 CONTINUE 
777 CONTINUE 
IF(NFND.NE.NFOIL) GO TO 999 C 
IF(IACT.EQ.I) GO TO 630 
DO 501 I-1,NF0IL 
DO 501 J-1,NF0IL 
501 ACOVd, J)=ACVX**2 
DO 500 I=1,NF0IL 
AC0V(I,I)-SDA(I)**2 
500 CONTINUE 
CALL MCARLO(NFOIL) 
DO 620 1=1,NFOIL 
IRG-1 
NR=NREG(I) 
DO 620 L-1,NR 
NQ-NRLIM(I,L) 
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IRX-IRG+NQ-1 
DO 610 J-1,NGR0UP 
IF(J.GE.IRG.AND.J.LE.IRX) CCOV(I,J)- SDL(I,L) 
610 CONTINUE 
IRG-IRX+1 
620 CONTINUE 
630 CONTINUE 
C 
C SET UP DIFFERENTIAL FLUX (FIRST GUESS IN CASE OF CUNFOLDING) 
C 
IF(NFND.NE.NFOIL) GO TO 999 
CALL FUST (FIDIFB, NGROUP,EL, BIN, KQT,NFL, 2) 
WRITE(6,1000)(NTITLE(I),1-1,17) 
1000 FORMAT(' ',T20,'TITLE; ',17A4) 
WRITE(6,1030)NGROUP,NFOIL,ACNM 
1030 FORMAT('0',T15,'NGROUP- ',15,5X,'NFOIL- ',I5,5X, 
1'ACTIVITY NORM=',1PE10.3) 
IF(IPNT.GT.O) GO TO 84 
WRITE(6,1071) 
1071 FORMAT(' ',T30,'CROSS SECTION ERRORS'/) 
DO 83 J=l,NFOIL 
WRITE(6,1072)(WORD(J,I),1=1,4) 
1072 FORMAT(' ',T28,4A4) 
NR-NREG(J) 
WRITE(6,1075) (NRLIM(J,I),I-1,NR) 
1075 FORMAT(' ',T30,'GROUPS/GAVE REGION',T48,1416) 
WRITE(6,1077)(SDL(J,I),I-1,NR) 
1077 FORMAT(' ',T30,'STD. DEVIATIONS',T48,14F6.3) 83 CONTINUE 
84 CONTINUE 
WRITE(6,1164) 
DO 85 J-1,NFOIL 
1164 FORMAT(' ',T27,'REACTIONS',T42, 
1'COVER',T54,'ACTIVITIES',T66,'SELF-SHIELDING') 
WRITE(6,1165) (WOR D(J,I),1- 1,4), I 
IDM(J),CD(J),ITCV(J),ACT(J), 
2IRSH(J,1),IRSH(J,2),FSHLD(J) 
1165 FORMAT(T21,4A4,A4,F6.2,IX,A4,IX,IPEl0.3, 
12X,A4,2X,A4,1X,0PF6.2) 
85 CONTINUE 
WRITE(6,204) 
204 FORMAT (/2X,'COVARIANCE PARAMETERS'/) 
WRITE(6,1010) FCHN,FCOV,FMAX,FC 
WRITE(6,1012) ACVX,FS 
1012 FORMAT(8X,'ACTIVITIES -',1PE11.4,' CROSS SECTIONS-" 
1,1PE11.4) 
1010 FORMAT(4X,'FLUXES: WIDTH = ',IPEll.4,2X,' FCOV = 
1',1PE11.4/14X,'SIGMAS: WIDTH - ',IPEll.4,20,' XCOV -
2',1PE11.4) 
GO TO 66 
112 FORMAT(IX,A5,17A4) 
119 FORMAT(12A4) 
200 FORMAT(11F8.4) 
999 WRITE(6,998) NFND 
998 FORMAT(2X,'ONLY',14,' CROSS SECTIONS OR ERRORS FOUND') 
NFOIL—1 
66 RETURN 
END 
FUNCTION E2(X) 
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IMPLICIT REAL*8{A-H,0-Z) 
DIMENSION A(5) 
DATA A /.99999193,-.24991055,.05519968,-.00976004, 
1.00107857/ 
C 
C COMPUTE DEXP INTEGRAL E2 USING FORMULA FROM HANDBOOK OF 
C MATH FNS 
C 
IF(X.GT.I) GO TO 10 
R"-.57721566 
DO 1 1=1,5 
1 R-R+A(I)*(X**I) 
El-R-DLOG(X) 
B2-DEXP(-X)-X*EL 
RETURN 
10 S=X*X+2.334733+0.250621 
T-X*X+X*3.330657+1.681534 
XEEL-S/T 
E2-DEXP(-X)*(1.0-XEEl) 
RETURN 
END 
SUBROUTINE PIIST(FIDIFB,NGROUP,ENER,BIN,KQT, NFL,IPX) 
IMPLICIT REAL*8(A-H,0-Z) 
COMMON /RKEEP/ INGP 
CHARACTER*5 NFL 
CHARACTER*3 NTYP,NPX 
DIMENSION NPX{2) 
DIMENSION FIDIFB(100),ENER{101),SPECT(20),PHIN(200), 
1EIN(200),PHIOUT(101) 
DATA NPX/'FUN','FLI'/ 
READ(5,119) ITHERM,(SPECT(I),1=1,19) 
IF{ITHERM.EQ.0)READ(5,*)INGP,TNORM 
IF(ITHERM.NE.0) READ(5,*)INGP,TNORM,TEMP,ETE 
IF(TEMP.EQ.0.0) TEMP-20.0 
IF (ETE.EQ.0.0) ETE«5.0E-8 
IF(TNORM.LB.0.)TN0RM=1.0 
WRITE(6,119)ITHERM,(SPECT(I),1=1,19) 
WRITE(6,23)INGP,TNORM 
23 FORMAT(2X,I4,1PB10.3) 
WRITE(7,200)NPX(IPX),NFL 
200 FORMAT(7IX,A3,IX,A5) 
WRITE(7,201)(SeECT(I),I-l,17),NPX(IPX),NFL 
201 FORMAT(2X,17A4,1X,A3,IX,A5) 
IF(IPX.EQ.1)WRITE(7,206)ING P,TNORM,NPX(IPX),NFL 
206 FORMAT(5X,15,IPEIO.3,51X,A3,IX,A5) 
IF(IPX.EQ.2)WRITE (7,204)INGP,TNORM,TEMP,ETE, 
INPX(IPX),NFL 
204 FORMAT (5X,15,1P3E10.3,31X,A3,IX,A5) 
IF(INGP.EQ.NGROUP) GO TO 101 
IF(KQT.GT.O)GO TO 20 
READ(5,*)(BIN(I),1-1,INGP) 
10 READ(5,*)(PHIN(I),I-l,INGP) 
GO TO 25 
20 INGG-INGP+1 
READ(5,*)(EIN(I),I-1,INGG) 
READ(5,*)(PHIN(I),I-l,INGP) 
WRITE(27,800) 
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800 FORMAT('INPUT ENERGIES') 
WRITE{27,22)(EIN(1),I-l,INGG) 
WRITE(27,801) 
801 FORMAT('INPUT FLUXES') 
WRITE{27,22)(PHIN(I),I-l,INGP) 
DO 12 1=1,INGP 
J-I+1 
DE-EIN(J)-EIN(I) 
PHIN(I)-PHIN(I)/DE 
12 BIN(I)-0.5*(EIN{I)+EIN(J)) 
25 WRITE(6,22)(EIN(I),I-l,INGP) 
WRITE(6,22)(PHIN(I),1-1,INGP) 
NTYP-NPX(IPX) 
CALL FILEM(EIN,1,INGP,NTÏP,NFL) 
CALL FILEM(PHIN,1,INGP,NTÏP,NFL) 
203 FORMAT(1P7E10.3) 
22 FORMAT(1P8E10.3) 
C 
C INTERPOLATE POINTWISE FLUX VALUES FROM INPUT SPECTRUM 
C 
M-NGROUP +1 
DO 100 I-l,M 
PHIOUT(I)-0.0 
DO 50 J-1,INGP 
IF(EIN(J) .LT.ENER(I) .AIID.EIN(J+1) .GT.ENER(I)) GO TO 40 
IF(EIN(J).GT.ENER(I))PHIOUT(I)-0.0 
IF(EIN(J+1).LE.ENER(I)) GO TO 50 
IF(EIN(J).EQ.ENBR(I)) PHIOUT(I)=PHIN(J) 
GO TO 100 
40 CONTINUE 
C 
C CHECK FOR LOW FLUX REGIONS 
C 
IF(PHIN(J).LT.1.0E-36.0R.PHIN(J+1).LT.l.OE-36) GO TO 60 
C 
C LOG-LOG INTERPOLATION 
C 
A-DLOG(ENER(I))-DLOG(EIN(J)) 
B-DL0G{EIN(J+1))-DLOG(EIN(J)) 
C-DLOG(PHIN(J+1))-DLOG(PHIN(J)) 
D-DLOG(PHIN(J) ) 
PHIOUT(I)-DEXP(D+A*C/B) 
GO TO 100 
C 
C LINEAR INTERPOLATION 
C 
60 PHIOUT(1)-PHIN(J)+(ENER(I)-EIN(J))/(EIN(J+1) 
1-EIN (J) ) * (PHIN (J+1) -PHIN (J) ) 
GO TO 100 
50 CONTINUE 
100 CONTINUE 
IF(ITHERM.EQ.O) GO TO 110 
WRITE(6,120)TEMP,ETE 
120 FORMAT (/2X,' TEMPERATURE-' ,F8.1,4X,' ETE=',IPE 0.2/) 
ITEMP-((273.+TEMP)/293.)*2.5E-8 
DO 112 I-1,NGR0UP 
IZ-I 
112 IF(PHIOUT(I).GT.0.0) GO TO 111 
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111 CE-ENER(IZ)*PHIOUT(IZ) 
113 IS-IZ-1 
IF(IS.LT.I) GO TO 110 
IF(ENER(IS).LT.ETE) GO TO 114 
PHIOUT(IS)-CE/ENER(IS) 
IZ-IZ-1 
GO TO 113 
114 EQ»ETE/TEMP 
CX-ETE*DBXP(-EQ) 
CT«CE/(ETE*CX) 
115 IF(IS.LT.l) GO TO 110 
EQ-ENER(IS)/TEMP 
PHIOUT{IS)=CT*ENER(IS)*DEXP(-EQ) 
IS=IS-1 
GO TO 115 
110 CONTINUE 
C 
C CONVERT POINT DATA TO GROUP AVERAGED 
C 
DO 500 I=1,NGR0UP 
FIDIFB(I)-(PHI0UT(I)+PHI0UT(I+1) ) /2 
FIDIFB(I)-FIDIFB(I)*TNORM 
500 CONTINUE 
119 FORMAT(II,19A4) 
102 GO TO 999 
101 READ(5,*)(FIDIFB(I),1=1,NGROUP) WRITE(6,22)(FIDIFB(I),1=1,NGROUP) 
CALL FILEM(FIDIFB,1,NGROUP,NPX(IPX),NFL) 
DO 80 1=1,NGROUP 
80 FIDIFB(I)=FIDIFB(I)*TNORM 
999 CONTINUE 
RETURN 
END 
SUBROUTINE MCARLO(NFOIL) 
COMMON /MC2/ NREG(40),NRLIM(40,100),IREA(40,2),NFND 
COMMON /MC3/ SDL(40,100) 
DIMENSION DUM(IOO) 
C 
C ASSIGN SDL(NREG(NFOIL)) NORMAL/CONSTANT-GAVE 
C 
NFND=0 
DO 4 1=1,NFOIL 
REWIND 21 
5 READ (21, 2) INAM,JNAM, J 
2 FORMAT(2A4,6X,12) 
IF(IREA(I,1).EQ.INAM.AND.IREA(I,2).EQ.JNAM) GO TO 8 
READ (21,*) (DUM(K),K-1,J) 
READ (21,*) (DUM(K),K-1,J) 
GO TO 5 
8 NFND=NFND+1 
NREG(I)=J 
READ(21,*)(NRLIM(I,K),K-1,J) 
READ(21,*){SDL(I,K),K-1,J) 
4 CONTINUE 
501 CONTINUE 
113 FORMAT(11F7.3) 
111 FORMAT(IIX,15) 
112 FORMAT(2014) 
3 CONTINUE 
RETURN 
END 
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XVII. APPENDIX H. INPUT FILE FOR STAY'SL 
LAMPF A-6, PORT 2; RUN 936-3-2-3; 9/85 
88 14 2 0 1 
.005 20 .0 0.03 20. 0 0 .03 .03 1 .504 
0.0 0 0 87001.2 
C059G 6 .8E-12 .30 GADO ISTP 3 .0 SFSH IFX 1.96 CONG 
C059G 8 .9E-12 .15 SFSH IFX 1.96 CONG 
FE58G 2 .6E-13 .10 SFSH IFX 4.76 FENG 
FB58G 1 .8E-13 .30 GADO ISTP 3 .0 SFSH IFX 4.76 FENG 
FE54PX 9 .2E-13 .10 
NI58P 2.1E-13 .15 
NI60P 4.6B-14 .15 
CUX51CR 7.6E-15 .15 
C059P 9.3E-15 .15 
FE54AX 5.3E-13 .15 
C0592 l.lE-13 .10 
C0593 4.2E-14 .10 
CU63AX 1.3E-14 .25 
CUX59FE 1.3E-15 .25 
FRACTIONAL ERRORS IN INPUT SPECTRUM 
16 1.0 
1.0-5 
20 .  
0 . 28  
0.30 
1.0-11 1,0-7 
4. 10. 
0.50 0.40 
0.15 0.25 
CALCULATED SPECTRUM 5/84 
128 1.0 20. 0.4E-7 
1.0-3 
44. 
0 . 2 0  
0.35 
1.0-2 
100. 
0.15 
0.40 
1.0-1 4.0-1 
400. 800. 
0.10 0.08 
0.50 0.60 
1.0 2.0 
0.08 0.12 
(LOW END REDUCED) 
1.00-10 1.00-9 1.00-8 1.00-7 1.18-6 1.64-6 1.93-6 
2.28-6 3.16-6 4.39-6 6.11-6 8.48-6 1.18-5 1.64-5 
2.28-5 3.16-5 4.39-5 6.11-5 8.48-5 1.18-4 1.64-4 
1.93-4 2.28-4 2.68-4 3.16-4 4.39-4 5.18-4 6.11-4 
7.20-4 8.48-4 1.00-3 1.18-3 1.39-3 1.64-3 1.93-3 
2.28-3 2.68-3 3.16-3 3.73-•3 4.39-3 5.18-3 6.11-3 
7.20-3 8.48-3 1.00-2 1.18-2 1.39-2 1.64-2 1.93-2 
2.28-2 2.68-2 3.16-2 3.73-2 4.39-2 5.18-2 6.11-2 
7.20-2 8.48-2 1.00-1 1.18-•1 1.39-1 1.64-1 1.93-1 
2.28-1 2.68-1 3.16-1 3.73-1 4.39-1 5.18-1 6.11-1 
7.20-1 8.48-1 1.00+0 1.18+0 1.39+0 1.64+0 1.93+0 
2.28+0 2.68+0 3.16+0 3.73+0 4.39+0 5.18+0 6.11+0 
8.48+0 1.00+1 1.19+1 1.39+1 1.64+1 20.0 22.8 
24.8 26.8 29.2 31.6 34.5 37.3 40.G 
43.9 47.9 51.8 56.5 61.1 66.6 72.0 
78.4 84.8 92.9 100. 109. 118. 129. 
139. 152. 164. 179. 193. 211. 228. 
248. 268. 292. 316. 345. 373. 406. 
439. 472. 505. 
2.77+9 3.99+9 4. 78+9 5 .67+9 5.89+9 5.99+9 6.15+9 
6.10+9 6.00+9 6. 23+10 7.45+10 8.23+10 8, 32+10 8 .55+10 
9.99+10 1.34+11 1. 48+11 1.35+11 1,57+11 1. 61+11 1 .64+11 
1.53+11 1.57+11 1. 64+11 1.67+11 1.71+11 1. 75+11 1 .77+11 
1.82+11 1.88+11 1. 90+11 1.95+11 1.99+11 2. 07+11 2 ,15+11 
2.33+11 2.42+11 2. 45+11 2.56+11 2.71+11 2. 95+11 3 .40+11 
3.66+11 4.22+11 5. 00+11 5.38+11 5.89+11 6. 41+11 7 .09+11 
7.56+11 8.00+11 8. 44+11 9.09+11 9.54+11 1. 00+12 1 .10+12 
1.14+12 1.18+12 1. 23+12 1.25+12 1,27+12 1. 31+12 1 .36+12 
1.40+12 1.46+12 1. 51+12 1.55+12 1.40+12 1. 21+12 9 .99+11 
9.29+11 8.88+11 8. 24+11 7.16+11 6.33+11 6. 03+11 5 .29+11 
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57 4 .33+11 3. 75+11 2. 37+11 1 .99+11 1 .07+11 9 .99+10 9. 79+10 
58 9 .58+10 9. 04+10 8. 88+10 8 .27+10 7 .99+10 7 .99+10 8. 66+10 
59 8 .43+10 8. 31+10 8. 22+10 7 .94+10 7 .80+10 7 .68+10 7. 56+10 
60 7 .43+10 7. 34+10 7. 28+10 7 .21+10 7 .17+10 7 .10+10 6. 99+10 
61 7 .49+10 7. 30+10 7. 11+10 6 .99+10 6 .87+10 6 .73+10 6. 60+10 
62 6 .50+10 7. 10+10 7. 25+10 7 .01+10 6 .82+10 6 .64+10 6. 38+10 
63 6 .17+10 5. 95+10 5. 66+10 5 .39+10 5 .18+10 4 .91+10 4. 67+10 
64 4 .55+10 4. 27+10 
65 5 6 13 3 9 10 5 15 10 21 
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XVIII. 
Irradiation Three 
Reaction 
"Pe(n,a)"cr 
"C0(n,3n)"C0 
"Co(n,7) ®°Co* 
Cu(n,x) ®°Co 
Cu(n,x) "Cr 
em! 
Irradiation Five 
APPENDIX I. CORRECTED SATURATED ACTIVITIES 
Tube 1 
atom/ atora-s 
5.3x10"" 
9.2x10"" 
2.6x10"" 
1.8x10"" 
9.3x10"" 
4.2x10"" 
1.1x10"" 
8.9x10"" 
6.8x10"" 
1.3x10"" 
7.6x10"" 
1.3x10"" 
2.1x10"" 
2.6x10"" 
Tube 2 
4.7x10"" 
1.3x10"" 
2.1x10"" 
1.5x10"" 
1.4x10"" 
1.5x10"" 
4.2x10"" 
7.2x10"" 
5.9x10"" 
4.3x10"" 
1.0x10"" 
4.3x10"" 
8.6x10"" 
1.3x10"" 
Tube 3 
atom/atom-s atom/atom-s 
1.5x10"" 
3.4x10"" 
1.5x10"" 
1.1x10"" 
1.6x10"" 
5.5x10"" 
1.5x10"" 
5.2x10"" 
4.1x10"" 
1.6x10"" 
2.9x10"" 
1.5x10"" 
Tube 4 
atom/atom-s 
1.9x10"" 
5.1x10"" 
1.0x10"" 
7.1x10^^ 
7.1x10"" 
2.2x10"" 
5.7x10"" 
3.5x10"" 
2.5x10"" 
6.3x10"" 
8.9x10"" 
6.4x10"" 
1.0x10"" 
2.0x10"" 
Reaction 
"Fe(n,a)"cr 
"co(n,3n)"co 
"co(n,Y)®°Co* 
Cu(n,x) ®°Co 
Cu(n,x) "Sc 
Cu(n,x) "Cr 
Cu(n,x)"Mn 
Cu(n,x) Fe 
®®Ni (n, 2ni "Ni 
"Al{n,x)'Be 
'^Al (n, X) ^^ Na 
Tube 1 Tube 2 
atom/atom-s atom/atom-s 
9.1x10"" 
1.8x10"" 
4.1x10"" 
2.8x10"" 
1.9x10"" 
8.3x10"" 
2.2x10"" 
1.0x10 
2.7x10"" 
8.4x10"" 
•11 
1.0x10 
3.5x10 
2.4x10 
4.2x10 
4.6x10 
5.1x10"" 
-14 
-15 
-15 
-13 
-14 
1.4x10 
1.4x10 
-14 
-14 
2.5x10"" 
6.3x10"" 
3.3x10"" 
2.3x10"" 
7.0x10"" 
2.8x10"" 
7.9x10"" 
1.2x10"" 
8.9x10"" 
8.8x10"" 
9.8x10"" 
1.5x10"" 
5.4x10"" 
7.8x10"" 
1.6x10"" 
2.4x10"" 
1.5x10"" 
3.5x10"" 
1.8x10"" 
Tube 3 
atom/atom-s 
8.4x10"" 
2.3x10"" 
2.5x10"" 
1.7x10"" 
2.4x10"" 
9.4x10"" 
2.8x10"" 
8.8x10"" 
6.5x10"" 
2.8x10"" 
3.2x10"" 
3.6x10"" 
1.3x10"" 
2.6x10"" 
5.9x10"" 
7.4x10"" 
4.2x10"" 
1.1x10"" 
5.0x10"" 
Tube 4 
atom/atom-s 
3.0x10"" 
8.3x10"" 
1.6x10"" 
1.0x10"" 
8.4x10"" 
3.6x10"" 
9.5x10"" 
4.2x10"" 
3.9x10"" 
1.0x10"" 
6.7x10"" 
1.3x10"" 
4.1x10 
9.8x10 
1.8x10 
2.5x10 
-17 
-n 
-14 
-15 
4.0x10"" 
1.5x10 •15 
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Irradiation Six 
Reaction 
"Fe(n,a)"cr 
®*Fe{n,p)"Mn 
"Fe(n,Y)"Fe 
"C0{n,3n)"C0 
®'co(n,7)®°Co* 
Cu(n,x)®°Co 
Cu(n,x) So 
Cu(n,x)"Cr 
Cu(n,x) Jxn 
Cu(n,x) Fe 
5BNi£;s"9o 
"Ni(n,2n)®\i 
"Al(n,x)]Be 
"Al(n,x)"Na 
"Al(n,x)"Na 
Irradiation Seven 
Tube 1 
atom/atom-s 
-13 
-12 
6.0x10 
1.5x10" 
1.0x10"" 
6.9x10"" 
1.7x10"" 
6.4x10"" 
1.5x10"" 
2.7x10"" 
2.1x10"" 
3.6x10"" 
4.0x10"" 
1.5x10"" 
6.1x10"" 
4.0x10"" 
1.0x10"" 
3.3x10"" 
5.0x10-" 
8.4x10"" 
3.2x10"" 
Tube 2 
atom/atom-s 
1.9x10"" 
5.7x10"" 
5.8x10"" 
4.2x10"" 
6.4x10"" 
2.4x10"" 
7.0x10"" 
2.1x10"" 
1.6x10"" 
7.4x10"" 
6.1x10"" 
7.8x10'" 
2.9x10"" 
6.4x10"" 
1.5x10"" 
1.8x10"" 
1.2x10"" 
1.0x10"" 
2.6x10"" 
1.1x10"" 
Tube 3 
atom/atom-s 
6.3x10"" 
1.9x10"" 
3.2x10"" 
2.1x10"" 
2.0x10"" 
8.3x10"" 
2.2x10"" 
1.1x10"" 
8.3x10"" 
2.4x10"" 
1.5x10"" 
2.2x10"" 
8.0x10"" 
2.1x10"" 
6.8x10"" 
3.6x10"" 
2.4x10"" 
3.0x10"" 
8.1x10"" 
3.5x10"" 
Tube 4 
atom/atom-s 
-14 
-14 
2.2x10 
6.4x10" 
1.7x10"" 
1.1x10"" 
6.5x10"" 
2.8x10"" 
7.3x10"" 
5.9x10"" 
4.2x10"" 
7.5x10"" 
4.2x10"" 
6.8x10"" 
2.5x10"" 
7.3x10"" 
1.9x10"" 
1.1x10"" 
7.5x10"" 
1.1x10"" 
2.8x10"" 
1.2x10"" 
Reaction 
'*Fe(n,a)"Cr 
"Fe(n,p)"Mn 
"Fe (n,Y)"Fe 
"Fe(n,Y) "Fe* 
"Co(n,p)"Fe 
"Co(n,3n)"Co 
"Co(n,2n)"Co 
"Co(n,Y) "Co 
Cu (n, X) "Co 
Cu(n,x)*®Sc 
Cu(n,x)"Cr 
Cu (n,x) "Mn 
Cu (n, x) "Fe 
"Ni(n,p)"Co 
"Ni(n,p)"Co 
"Ni{n,2n)"Ni 
"A1 (n,x) 'Be 
"A1 (n,x)"Na 
"'Au (n, Y) ^"AU 
**'AU (n, 2n) "*Au 
*^'Au (n, 3n) "'Au 
"'Au (n,7) "'Au* 
Tube 1 Tube 2 Tube 3 Tube 4 
atom/atom-s atom/atom-s atom/atom-s atom/atom-s 
2.5x10"" 8.9x10"" 3.3x10'" 1.3x10'" 
5.4x10"" 2.3x10"" 9.0x10"" 3.5x10"" 
2.8x10"" 1.7x10-" 1.1x10"" 6.3x10"" 
1.9x10"" 1.2x10'" 7.5x10"" 4.3x10"" 
4.9x10'" 2.4x10"" 8.7x10"" 3.0x10'" 
2.3x10"" 9.5x10'" 3.9x10'" 1.5x10'" 
6.1x10"" 2.7x10'" 9.9x10"" 3.8x10'" 
1.0x10"" 6.2x10'" 3.8x10"" 2.3x10"" 
7.1x10"" 2.9x10'" 1.1x10"" 4.3x10"" 
1.4x10"" 3.8x10'" 1.1x10"" 3.7x10"" 
1.9x10"" 5.0x10'" 1.6x10'" 5.8x10"" 
7.2x10"" 1.8x10'" 5.9x10'" 2.2x10'" 
7.2x10"" 2.9x10'" 1.1x10'" 5.2x10'" 
1.2x10"" 5.2x10'" 1.9x10"" 7.1x10"" 
1.9x10"" 6.8x10'" 2.9x10"" 1.1x10"" 
1.8x10"" 3.7x10'" 2.1x10"" 9.7x10"" 
1.2x10"" 5.8x10'" 2.0x10"" 8.4x10"" 
3.4x10'" 1.2x10'" 4.4x10'" 1.7x10'" 
8.4x10"" 6.0x10'" 3.5x10"" 2.1x10"" 
1.3x10"" 5.5x10'" 2.1x10"" 7.8x10"" 
7.4x10'" 2.8x10'" 1.1x10"" 4.0x10"" 
6.6x10"" 5.6x10'" 3.0x10'" 1.9x10"" 
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Irradiation Nine 
Reaction Tube 1 Tube 2 Tube 3 Tube 4 
atom/atom-a atom/atom -s atom/atom-s atom/atom-s 
"Fe{n,a)"Cr 2.4x10'" 8.5x10" 4 3.2x10-" 1.2x10"" 
"Fe(n,p)"Mn 5.4x10"" 2.2x10" 3 8.4x10-" 3.2x10"" 
"Fe(n,Y)"Fe 3.0x10"" 1.7x10" 3 1.0x10-" 6.2x10"" 
"Fe(n,7)"Fe* 1,9x10"" 1.1x10" 3 7.2x10-" 4.1x10"" 
"Co(n,p)"Fe 4.9x10"" 2.1x10" 5 8.3x10-" 3.0x10"" 
"Co(n,3n)"Co 2.4x10"" 9.7x10" 5 3.8x10-" 1.3x10"" 
"Co(n,2n)"Co 6.3x10"" 2.6x10" 4 9.7x10-" 3.6x10"" 
"Co (n,Y) "Co 1.1x10"" 6.4x10" 2 3.7x10-" 2.2x10"" 
Cu(n,x) "Co 7.4x10"" 3.1x10" 5 1.1x10"" 4.9x10"" 
Cu(n,x)"Cr 1.7x10"" 4.7x10" 6 1.7x10-" 6.0x10"" 
Cu(n,x)"Mn 6.8x10"" 1.6x10" 6 5.6x10-" 
Cu(n,x)"Fe 7.0x10"" 2.8x10" 6 1.1x10-" 4.9x10"" 
"Ni(n,p)"Co 1.2x10"" 4.6x10" 4 1.6x10-" 6.1x10"" 
"Ni(n,p)"Co 7.3x10" 5 2.6x10'" 2.1x10"" 
"Ni(n,2n)"Ni 1.3x10"" 4.6x10" 5 1.7x10"" 6.5x10"" 
'^A1 (n,x) 'Be 2.5x10"" 5.8x10" 7 — — —  1.1x10"" 
"Al(n,x)"Na 3.2x10"" 1.1x10" 5 1.6x10"" 
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XVIX. APPENDIX J. IP TARGET LOADINGS 
Irradiation 1: Rabbit system in neutron irradiation location two. Proton 
dose on beamline targets: 2.7x10 HA-hr or 1.5x10 protons 
(p+) /cxsc-a 
IP targets in beam 
1. ençjty 
2. empty 
3. ZnO 
4. CsCl 
5. Mo 
6. empty 
7. empty 
8. empty 
9. empty 
Irradiation 2: Rabbit system in neutron irradiation location two. Proton 
dose on beamline targets: 9.1x10 |i.A-hr or 1.5x10 
p+/cm -s 
IP targets in beam 
1. empty 
2. CsCl 
3. MnCl 
4. CsCl 
5. Mo 
6. empty 
7. RbBr 
8. enpty 
9. empty 
Irradiation 3: Rabbit system in neutron irradiation location two. Proton 
dose on beamline targets: 2.7x10 pA-hr or 1.6x10 
p+/om^ -S 
IP targets in beam 
1. empty 
2. empty 
3. empty 
4. empty 
5. empty 
6. In 
7. RbBr 
8. empty 
9. empty 
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Irradiation 4: Rabbit system in neutron irradiation location two. Proton 
dose on beamline targets: 7.1x10^  JlA-hr or 1.4x10^  ^
p+/cm^ -S 
IP targets in beam 
1. eirpty 
2. empty 
3. empty 
4. CsCl 
5. empty 
6. ZnO 
7. RbBr 
8. empty 
9. empty 
Irradiation 5: Rabbit system in neutron irradiation location two. Proton 
dose on beamline targets: 1.9x10 |lA-hr or 1.9x10 
p+/cm^ -S 
IP targets in beam 
1. empty 
2. ZnO 
3. CsCl 
4. CsCl 
5. MnCl 
6. Mo 
7. empty 
8. In 
9. empty 
Irradiation 6: Rabbit system in neutron irradiation location six. Proton 
dose on beamline targets: 1.08x10 A^-hr or 1.5x10 
p+/cm*-s 
IP targets in beam: none 
Irradiation 7: Rabbit system in neutron irradiation location six. Proton 
dose on beamline targets: 2.49x10* |XA-hr or 8.8x10 
p+/cm'-8 
IP targets in beam 
1. empty 
2. ZnO 
3. RbBr 
4. CsCl 
5. MnCl 
6. Mo 
7. A1 
a. In 
9. RbBr 
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Irradiation 8: Rabbit system In neutron irradition location six. Proton 
dose on beamllne targets: 
IP targets in beam: 
1. eirpty 
2. Si 
3. RbBr 
4. CsCl 
5. MnCl 
6. Mo 
7. A1 
8. In 
9. empty 
Irradiation 9: Rabbit system in neutron irradiation location six. Proton 
dose on beamllne targets: 9.54x10^  jlA-hr or 6.2x10 
p+/cm -s 
IP targets in beam 
1. empty 
2. empty 
3. RbBr 
4. Mo 
5. MnCl 
6. Mo 
7. A1 
8. In 
9. empty 
Irradiation 10: Rabbit system in neutron irradiation location six. Proton 
dose on beamllne targets: 1.52x10* (lA-hr or 1.7x10 
p+/cm^ -s 
IP targets in beam 
1. empty 
2. empty 
3. empty 
4. empty 
5. MnCl 
6. Mo 
7. A1 
8. In 
9. empty 
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Irradiation 11: Rabbit system in neutron irradiation location 6. Proton 
dose on beamline targets: 1.93x10 A^-hr or 1.5x10 
p+/cm -s 
IP targets in beam: 
1. empty 
2. RbBr 
3. empty 
4. empty 
5. MnCl 
6. Mo 
7. A1 
8. In 
9. empty 
Irradiation 12: Rabbit system in neutron irradiation location 6. No beam. 
IP targets in beam: none 
Irradiation 13: Rabbit system in neutron irradiation location six. 
IP targets in beam: 
1. empty 
2. RbBr 
3. empty 
4. enpty 
5. MnCl 
6. Mo 
7. A1 
8. In 
9. empty 
